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A supporting research program was initiated at Frankf:ssd Arsenal

to examine a weapon aystem concept, known as POLCAT, whkich utilizes semi-

active homing and terminal projectile contrcl. The ultimate ohjective of

this work was to demonstrate the furctional feasibility of the POLCAT
system by firing projectiles from a gun and correcting their trajectories
intoc an illuminated target by operatior of projectile gaidance and comtrol
elements.

This infornation serves to support current work being conducted by

Frankford Arsenal in the development of weapon systems which utilize semi-
active homing and terminal projectile control.
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1.0 INTRODUCTION

In December 1960, a progrem was initiated at Frankford Arsenal with
the purpose of demonstrating the functional performance of a weapon system
concept known as POLCAT. Since this program was undertaken as a comsequence
of prior supporting research activities, a summary of the early POLCAT work
is presented.

The POLCAT concept was originated during a study (1) that investigate?
the feasibility of applying post firing correction techniques to a pro-
Jectile in order to increase the long range accurecy of recollless anti-
tank weapons. The epplication of POLCAT proposed that targets be illumi-
nated semi-actively to establish a homing link, and that the projectile in-
corporate s frame fixed target seeker for guidance and impulse steering for
control. The results of the initial feagibility study were deemed to be
sufficiently promising such that & series of supporting research efforts
were conducted to examine methods for implementing the POLCAT concept.

Analyses snd tests (2) (3) established that impulse control offered
an effective technique for increasing the accuracy of gun systems (pro-
vided the homing link functioned as intended) and could be developed 88 &
practical and a relisble means far correcting projectile flight patb.
Studies and field tests (4) (5) were conducted to determine the require-
ments for target seeker design and the effects of the tactical environ-
ment on guidance performance, Furkher, studies (6) were made considering
the application of the POLCAT concept to other weapon system require-

ments.




While the technical objectives of this work were limited, the
nature of the results served to enhance the interest in the possible
application of POLCAT to the requirements of the Infentry Heavy Assault
Wegpon ~ Long Range., It was recognized, howeysr, that the critical
questions of system feasibility remained and that & conclusive demon-
stration of sysiem performance was required before a POLCAT weapon
devalopment program could be seriocusly considered. Accordingly, the
supporting research program described in this report was initiated by
Frankford Arsenal.
1.1 PROGRAM OBJECTIVE

The aim of the program wes to demonstrate the functional performance
of the POICAT concept by conducting a saries of range firings with a POLCAT
"demenstration” system. The flight test plan prescribed that a projectile
be fired from a gun and its trajectory, then, be corrected into an illu-
minated area of a target by the integral operation of the projectile
guidance and control elements. While it was not required that the firings
be conducted under quasi-combat conditicns or that the test projectile
incorporate a warhead, the task of developing a POLCAT demonstration system
was a formiderle one. No flight hardwere sulited to the requirements of
the contemplated test program had been developed by past supporting research
efforts. Further, a complete underetanding o° the phenamena which were
to significantly affect howing link design waz lacking., As a consequence,
the supporting research program was directed toward the generation of
basic design and experimental data as well as the development of flight

hardware for the demonstrsiion.




1.2 SCOPE OF REPOKT

The material presented herein summarizes the analyses, design
studies, and tests of the POLCAT supporting research program that was
conducted in the period of December 1960 to October 1962, In order %o
provide a more complete treatment-of semi-active huming, as utilized in
the POLCAT concept, these data were augmented by additional anslyses and
design studies that were performed during the preparation of this report.

The following section, 1.3 Summary, outlines the major achievemants
of the supporting research program.

Section 2.0, System Concept, describes the general operational and
functional characteristics of the POLCAT concept. This section was pre-
pared, specifically, for those readers who have hed no previous exposure
to POLCAT.

A complete design description and analysis cf the POLCAT demon-
stration aystem is given in Secticn 3.0.

Based on what had been accomplished in the supporting reasarch
program, the status of the POLCAT technology is evaiuated in Sectiom 4.0,
Finally, a companion report "Design Data Supplement - POLCAT
Supposting Research (Dec. 1960 - Oct. 1962)" has beeu prepared containing
those data coneidered significant, but too detailed to include in this

report. The Design Data Supplement contains detail design drawings,
test equipment design specifications, and component test and inspection
procedures.,

Reports by ths following organizatione provided the primary data

gources far this rapor®:




Arthur D, Littl:, Inc. (under ccntract to Frankford Arsenal)
Ballistics Research Lahoratories, APG

Bulova Resesrck and Development Laboratoriez, Inc. {under contract
to Frankford Arsenal and BRL)

Frankford Arsenal

This reporv and supplement were prepared by Techhical Analysis Group, Inc.,
under Contract Ro. DA-36-038~AMC-969(A), in conjunciion with Frankford
Arsensl,
1,3 SUMMARY
The primary objective of the POLCAT supporting research program

(Decembar 1960 - October 1962) was not attained. The inability to demon-
strate POLCAT functional performance wvas due to budgetary limitations
rather than technical difficulties. However, a useful and substantial
body of design and test date were generated. These data include
(a) Aerodynamic and structursl design characteristics of a 120mm test
projectile, (b) design and performence cheracteristics of s control unit
(pulser) capable of delivering an impuise of 20 ib-sec, (c) design and
performance characteristics of a target seeker capable cf operating afier

ing subjected t( an acceleration of 10,007 g's and (&) measuremeats
of target reflectivity. These resulis have greater significance at the
present time than when the program was curtailed., With the development
of laser technology and the proposed development of a laser illuminator,

tbe application of semi-active homing is once agsin teing eveluated by

.
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Frankford Arsenal in the LASH program. B8ince the LASH system concept is
similer to the POICAT concept, the ultimate significance of the POLCAT
suppcr4ing research program will be determined by its usefulness to the
current LASH effort.
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2.0 System Concept

The POLCAT concept was conceived, and its application as an infantry

antitank system evaluated, during aperiod when the efforts to increase

the long range hitting capability of these weanons were limited to two
basic developmental approaches: increasing the fire control accuracy and
muzzle velocity of gun systems; and the development of command, wire guided
missiles. The increased effectiveness of gun systems was accompanied by
an increasse in system weight and was limited in nature, since the randem
rrors of projectile flight remain. The limitation precludes the fulfill-
ment, of high first round probability of hit requirements at long range by

conventional gun systems.

While the command guided missile system offers a direct solution to
the problem of accuracy at long range, it has also presented the problems
of increascd weapon cost and complexity.

Conceptually, 21l command gvidance techniques possess tro undesirable

cheracteristics: 1) accurac;” decresses with range, and 2) the neet 1o re-~
late the earth referenced coordinate system of the cormmand transmitter to
the missile referenced ccordinate srstem >f the receiver. The basic sim-
plicity of the POLCAT concent cann be attributed to the use -f semi-sctive !
nomine for gu'dence.

PCTCAT utilizes a terminal correction concent thet eombines the carva-
kilities of predictied fire control and self-contained projcciile gvidarce
snd contrel,

Within this concept, the primary function of predictizd fire control is

1o establish relatively accurate projectile irajectories, *"hile this accuracy
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is insufficient to obtain the desired hit zrobability at long range, it does
restrict projectile miss distance enough to permit the use of simple, almost
crude guldsnce and control components to effect terminal correction of the

projectile flight path. A significant aspect of the POLCAT concept is that
it is possible to apply it to all gun systems that —ely on predicted fire

in defeating tank type targets. The following discussions present the func-
tional characterisiics of the POLCAT concept (Section 2,1) and a definition

of the basic elements that constitute a generalized POLCAT system (Section 2.2).

2.1 Functional Descrijtim

The terminal correction to proje'ctile flight path is achieved by a
frame fixed target seeker for guidance and a single impulse for trajectory
control. ProlJectile spin is induced at launch, and maintained during flight.
Since the target seeker is fixed to the projectile, the scanning function of
the seeker is generated by offsetting its instantaneous field of view from
the axis of the spimning projectile. See figure 2.1-1.

Operating as an angle measuring device, the seeker is required to
determine vhen the angle, between the projectile longitudinal axis and the
10S (line of sight) to the target, has reached a msgnitude that indicates
an impending miss. This situation occurs downrange, relatively close to the
target, where the LOS angle diverges rapidly if the projectile is destired
to miss the target. Ar iliustration of the variation of LOS angle for hit
and miss trajectories is given in figure 2.1-2, By selecting a specific
LOS angle for trajectory correction, the steering law of the projectile
guidance and control system is established. If this pre-selected angle is

not generated during flight, a hit on the target occurs. The guidance and

-8-




-

control system will function only if the projectile is destined to miss tne

target.
If the projectile is destined to miss the target, the ICT angle will

increase, and at some point along the trajectory it will equal the pre-

selrcted scan angle of the seeker, At that point the seeker senses the

illuminated target in its field of view and initiates the impulse control
unit {pulser). The pulser has a fixed orientation relative to the seeker,

so designed, that on receiving a fire signal from the seeker, it delivers

PERRET LR

a sinzle impulse in the desired direction, to correct projectile flight
tovard the target. The pulser generates a force that is impulsive in
nature so that the projectile flight path change is achieved, for all prac-
tical purposes, instantaneously.

Tre basic function of the POLCAT guidance and control system is to
convert an impending miss on a target to a hit. Thus, the effective im-

provement in hit probability of the weapon system is obteined by increasing

its probability of hit at the longer ranges as shown in figure 2,1-3. At
shorter range, where & gun with its predicted fire control system can kit
a target, the frequency at vhich PDLCAT guidance and control system will
be required to function is low. This is a significant advantage of the
POLCAT concept since a malfunction of the guidance and control system does
not represent the loss of & round but rather the reduction in vrobability
of hit to that of the basic gun-system.
2.2 TITMNTI of POLCAT SYRTEM

T™he basic elements of the POLCAT system are: the gun, the fire control

system, the target illuminator, and the projectile incormoratinz the required

<G




guidance and control components for terminal trajectory correction.

The gun need not be defined because its use in the POLCAT application
does not rgquire any modjification in design, performance and/or use, pro-
vided the gun diameter be at least 105 mm. While the previous vork has

been primarily concerned with the use of recoilless rifles, the POICAT con-

cept can utilize closed breech guns with equal effectiveness.

Similarly, the fire control system need rot be defined. Previous

POLCAT systems analyses have considered the use of sub-caliber spotter

rifles and conventioral tank optical fire control systems., It was shown,

Lo v resgreeeperpees

however, that the ability of a POLCAT system to maintain high hit probabi-
lity at extendeld ranges is dependent upon the accuracy performence of the

basic gun-fire centrol combination.

iy s Mgyl

The target illuminestor irradiates the target with a narrow, modulated

bean such that the reflectad energy from the target is of sufficient inten-
sity and discrete character that a reliable guidance signal is established
for the projectile seeker, DPrevious applications of the POLCAT semi-active
homing technique utilized are discharge lamps as an illuminator source.
Since then, the laser illuminator has been considered to be the most prac-
tical means for generating a homing link. The narrow band spectral radia-
tion of laser illuminators is the characteristic from vhich improvement in
homing link performance is derived

The POLCAT projectile is fin stabilized, relying on gun rifling to
generate an initial roll rate. A near constant roll rate iz maintained
throughout flight by teveling or canting the projectile tail fins,

The seeker optics, detector, and electronics are located in the pro-

~10-
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Jectile nose. The instantaneous field of view of seeker is offset from the
projectile longitudinal axis thereby establishing an annular scan pattern
as the projectile spins.
The pulser is incorporated within the projectile so that its thrust
axis passes through the centier of gravity and normal to longitudinal axis
of the projectile. The impulse raquired for control ir generated hy the burn~
ing propellant in the pulzer chamber. The burning and discharge of the pro-
pellant occurs in a sufficiently short time period so that immulsive force
is delivered to the projectile inducing instantaneous flight rath change.
From this general description, the report now proceeds to a detailed

discussion of the POLCAT ~oncept and its implementation.
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%0 System Design
This section presents results of the program that was undertaken to
develop u test system capable of demonstrating the functional performance
of the POLCAT concept. A program plan was adopted which teok cognizance
of the limited resources avajlable for execution of the contemnlated flight
tests, /£t the outset, it was =.tablished,
(s) that the demonstration would nct attermt to
simulate tactical performance at maximum
target ranges c: under quasi-combat conditions:
(t) tha’ the existing YMB9 recoilless rifle would
Te used for testing, and that the 4l9 vro-
jectile would be modified for test nurnnses

rather than develop & new round;

(¢) that the design goal for pulser develoomsnt he
limited to 25 1b-8ec impulse.

Accordingly, enalyses, design studies, laboratory tests. snd field
tests were undertaken to develop the necessary flight hardware, and to
generate operational and field data egerential to the successful evecution
of 8 firing program,

Cection 3.1 presents the results of the aercdynamic design and test
effort, and an estimste of the projectile flight characteristics,

Section 2.2 gives the structural desigr e2rd analysis of the rofified
19 projectile.

Zertion 3.3, Control, describes the desizn studies ard tests that vere
performed in the development of a 25 lo-sec pulser.

Section 3.4, Guidance, presents a thorough analysis of semi-active
homing link performance., Further, it describes the designs of the seeker

and illuminator, and the tests that were conducted to quaiify these equipments,

-15-
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3.1 AERCDYNAMICS

The objective of the aerodynamics effort was, specifically, the
development of an experimentel or test projectile for usz in the flight
test demonstration of the POLCAT concept. While the test round vould not
possess the characteristics cf a tactical round, it was required that all
the basic elements of guidance and control essential for tactical use de
incorporated within the test projectile.

The aserodynamic development effort consisted of twoe primary tasks:
design and test. The nature and scope of tasks are described in Sectious
3.1.1 and 3.1.2. Based on the results of this work, an analysis was con-
ducted to provide an estimate of uerodvnamic performance. The expected
flight characterigtics of test projectiles are given in Section 3.1.3.

Finglly, & sumoary of the overall serodynamic effort including spe-
cific recommendations for future development work is presented in Sectiom
3.1.k,

The aerodynamic notstion used throughout this section of the report
is given in Table 3.1-1 which also provides equations relating aerodyna-
mic and ballistic coefficients.

2,1.1 Aerodynamic Design

The scope and the nature of the aerodynamic design effort was esta-
blished early in the program when it was decided to adapt an existing
projectile to the needs of the contemplated flight test demonstration
rather than attempt the development of a completely new round. This de-
cision was quite practical sirce the objectives of the flight demonstra-

tion could be achieved without incorporating a werhead in the test pro-

-16-
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" 11ft coefficient,

Table 3.1-1 Aerodynamic Notation

drag coefficient, Eggss
Force
qS
variation of 1ift coefficient with angle of attack

Moment

Ll W
pitching moment coerlicient, oS

varietion of pitching moment coefficient with angle of attack

pitch damping ccefficient

Force
GS

. 2l:iag moment coeffient, Moment
qSb

normal. force coefficient,

rol. damping coefficient
veristior of rolling moment with fin cant angle
span of projectile fin
projectile diameter
nwroiectile mass

Mach nurber

dynamic pressure, 1/2-V2
roll rate

projectile frontal area
velocity

angle of attack

pitch angle

roll angle

fin cant angle

fin bevel angle

density of air
-17-
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Table 3.1-1 (continued)
Since considerable reference is made to ballistic literature, the relaticns
between the aerodynamic and ballistic coefficients of interest are listed
below.

Kp = (s/zae) Cp

K = (S/2d2) Cp

a

Ky = (S/2d2) Cyg
.2
Ky = (S/ka)(Cy + Cyg)

2
K, = (s/ud™) c:lp

These equations are based on the use of projectile dismster and frontal
area as characteristic length and area, respectively, for aerodynamic
notation; projectile diameter and the square of the diameter as chairact-

eristic length and area, respectively, for ballistic notation.

-18-




Jectile. As a consequence, an existing projJectile could reasonably
accommodate the elements of guidance and control after its warhead had
been remo'ved.

An aerodynamic design study of the 12Cmm XMil9 round vas subse-
quently undertaken to dstermine the nature and the consequences of the
modifications required for conversion to a POLCAT test projectile. These
modifications included:

(2) the replacement of XMil9 nose assembly
by a seeker head;

(b) the introduction of cant ar bevel to
the XM419 tail fin assembly to induce
& constant projectile spin rate through-
out flight,
It wvas recognized that modification of nose shape would establish drag
characteristics considerably different from those of the XMil9 rourd.
iowever, no great changes or difficulties were anticipated relative to

the pitch stability of the test projectile.

Any increase in projectile drag would be due primarily to the seek-

er optical configuration. The selection of an optical design, hovever,
had to be based on optical performance and structursl requirements as

vell as aerodynamic considerations. The actusl optical design that was

cticsen did, in fact, commit the test projectile to a blunt nosed configu-

ration; the degree of bluntness being & functiion of the size of the
seeker aperture. The POLCAT test projectile shown in figure 3.1-1 re-
Tlects the final decision relative to & nose shape which provided the
naximm possible aperture and the acceptance of higher projectile drsg.

This decision was made after a drag analysis had indicated that thc
-1G-
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expected increase in drag would not be inordinately high. (This expecta-
tion later proved to be "inordinately" optimistic.)

Fulfillment of the requirement of providing constant projectile
spin rate throughout flight involved problems of both aerodynamic design
and tail fin fabrication. The aerodynamic design problem consisted of
selecting the correct tail fin cant or bevel angle so as to maintain pro-
Jectile spin rate within 1imits acceptable to the functioning of the gui-
dance and contrcl system. The question of whether a desired fin cant or
bevel angle could be machined with sufficient accuracy and not distorted
in the gun tube during firing was not examined extensively. However, 2
limited investigation favored the use of fin bevel rather than fin cant.

At the time the aerodynamic design study was initiated; the most
useful experimental data available had been obtained in wind tunnel tests
of the XML19 round. These data provided estimates of drag, 1ift, and
pitch stability only. No information was immediately available relative
to roll damping or volling effectiveness. The following discussion de-
scribes the methods tiat were used to estimate the drag, pitch, and roll
characteristics of th2 test projectile.
3.1.1.1 Drag

The techrique for estimating test projectile drag coefficient util-
ized the available wind tunnel data on XML19 round (1). First, an ana-
lytical drag build-up for the XML19 round was performed that matched
these test results. Once a satisfactory match was achieved, the same
drag build-up method was used tc obtain test projectile drag coefficient.
Since the only external difference between the XMU19 and the test projec-

=20




tiles was nose shape, the drag build-up only had to be modified for the
nose pressure drag. Iu performing the drag analysis, the following con-
ditions vere assumed:

(a) completely turbulent boundary layer.

(b) standard NACA sea level density (for
Reynolds number).

(c) drag due to 1ift is negligible in
angle of attack renge of interest.

The drag build-up accounted for skin friction drag, nose pressure drag,
afterbody pressure or boattail drag, tail fin pressure drag, and base
drag of the tail boom and fins.

Skin friction drag was calculated using the average rkin friction
noefficients given by the extended Frankl and Voishel analysis for a
turbulent boundary layer (2). In the computation of skin friction, the
entire body length, including the boom, wvas used as the characteristic
length of the body whereas the mean aerodynamic chord of the tail.was
used as the characteristic length for the fin.

The nose pressure drag coefficient of the XMilQ round was estimated
analytically by applying transonic similarity techniques (3) to free
flight, test data (k). Nose pressure drag coefficients at the higher
supersonic Mach numbers were obtained from the Taylor-}Maccoll conical
flov equation. The nose pressure drag coefficient of the blunt nosed
test projectile was estimated directly from experimental data (5).

The afterbody pressure drag coefficient was cbtained from wind-
tunnel data in the subsonic and transonic range (6) and by the second-

order theory of Van Dyke at supersonic Mach pumbers (7).
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The estimation of tail fin pressure drag coefficient was obtained
by an analytical method that applied transonic similarity technigues to
the determination of the pressure distribution over non-lifting airfoils
(3).

The base drag coefficients for the tail boom and fins wer: obtain-
ed from existing compilstions of test data (8-1l1).

The variation with Mach mmber of the total drag coefficient of
the test projectile considering the sources of drag described above is
presented in figure 3.1-2, The experimental data for nose pressure drag,
afterbody pressure drag, and base pressure drag, used in the drag duild-
up, are given in the Design Data Supplement.
3.1.1.2 Normal Force and Fitching Mament

Estimates were made of the normsl force slope coefficient and the
pitching moment slope coefficient nf the test projectile using the same
general proccedure that was followed in the estimating drag coefficieat.
Experimental data were utilized to estimate the normal force a=nd center-
of-pressure of the tail assembly, boattail, and nose of the XM419 roumd
(1), (12), (13). The experimental data were extended by appropriate
similarity techniques to obtain an estimate of the change in normal force
and center-of-pressure location caused by the blunt nose of the POICAT
test projectile.

The estimated variation of normal force slope coefficient and pitch~
ing moment slope coefficient with Mach number is given in figure 3.1-3%.

For the purposes of the subsequent perfoarmance analysis, an esti-

mate of the coefficient of damping-in-pitch was made from experimental

20
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date (14-18). A value of (cuqf c"&) of 2.0 per dagree, constant over the
Mach range, wvag selected. This estimste cannot be considered reliable in
viev of the lack of test data directly applicable to the test p. ojectile.
3.1.1.3 Roll Demping and Rolling Effectiveness

Since test data of roll charscteristics of the XMil9 round were
not available, an extensive desipgn study vas conducted to datermine the
roll damping woment and rolling moment due to tail fin cant of the test
projectile. The study of these characteristics included the application
of existing theory and the correlation of experimental data.

The theoretical estimate of roll damping moment coefficient (clp)
vas obtained using subsonic and supersonic thin airfoil theory (19-21).
The estimate based on test data (22,23) was obtained after these data
vere normalized with respect to transomic similarity parameters to ac-
count for the effects of aspect ratio, thickness, sweepback and aero-
elasticity. The results of the analysis are given in figure 3.1-4, 1In
view of the limitations associated with the theoretical determinatiom,
it was decided that the value based on the test data be used in the anal-
ysis of test projectile roll performance. The estimated value of -.139
for clp applies to a pair of tail fins vhere damping moment is expressed
as,

Lp = C1,(aS¢b)(pb/2V)

vhere n = number of fin pairs, Sy = ares of a fin pair (£t2), b = span
of fin pair (f£t), and p = roll rate (rad/sec).

In the case of the XMk1l9 round or the test projectile, the span of

-23.
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a fin pair (b) ecuals projectile body diameter (d) and the number of
pairs of tail fins {n) ecuals 3. The table below gives the effect of

number of fins on d-nping coefficient as determined from test data

(22, 23).
n Clp(/rad)
2 "0139
3 "0129
h '0-—19
6 "0099

The estimated value of total damping coefficient (Cli'i) based on preo-

jectile frontal area {S) is ~.277 (/rad).
01‘; =n Clp(Sf/S)

The rolling moment coefficient (Cls) was estimeated by determing
the 1ift curve slope coefficient of a tail fin pair and, then, convert-
ing to rolling moment coefficient. The estimated values based on theory
(24) and test data (25-27) are shown in figure 3.1-h. In the subsequent
performance analysis, the estimate of rolling moment coefficient based
on test data is used.

Rolling mament due to fin cant is defined below.

Lg = ng(C]_SG) (aSfb)

where:
ng = number of canted fin pairs

6 = fin cant angle (rad)

Using this notation, the steady state roll rate is expressed as,

= ( ns/n)(Cls/Clp)(W/b)S

“2hi=




341.2 Asrodynamic Test

The plan for quilifying the design of the POILCAT tzst projectile
defined a geriegs of wind tunnel, spark range, and field tests which
would assure fulfillment of the aerodynamic requirements during the
flight test demcnstration of the POLCAT concept. At the time the plan
was formulzted, it was recognized that the full test program could not
be accomplished within the available resources of the overall program.
An aerocdynamic test program was undertaken that was consistent with the
immediate objectives of the program; namely, to obtain initial test
verification of aerodynamic design effort described in the previous sec-
tion. Thus, the wind tunnel tests that are described in this report re-
present only the initial phase of the aerodynamic test program that was
contemplated.

Bagsed on the test projectile design that had been established,
wind tunnel models were constructed and wo series of tests were con-
ducted to determine drag, 1lift, pitching moment, and rolling moment
characteristics,
3.1.2.1 Description of Wind Tumnel Tests

Supersonic tests were conducted in the Supersonic Wind Tumnel Num-
ber 3 at the Ballistics Research Laboratories, Aberdeen Proving Ground.
Data were obtained at Mach numbers of 1.36, 1.58, and 1.78 using a one-
third scale model. Maximum body diameter of the model was 1.71 inches
and its axial moment of inertia was 0.81 1b-in?. Despite the reduced
scale, reflected shock wave impingement was encountered when teéting at

Mach number equal 1.36. Hence, some doubt exists as to the accuracy of

«25.
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data Ubtained at this condition. Static tests were conducted of the mod-
el with three nose sections providing nose cant angles of 0, 2.0, and
3.5 degrees. Measurements were tsken of normal and axial forces, pitch-
ing moment, and base pressure. After the static tests were completed, a
series of tests were conducted with the model mounted on & spinning sting
to determine roll damping characteristics and rolling effectiveness in-
duced by beveling the leading edge of all the tail fins. Data were ob-
tained with a 15 degree bevel, a 45 degree bevel, and a 90 degree bevel,

Transoric tests were conducted in the 8-foot transonic presesure
tunnel at NASA Langley Research Center. Data were obtained in the Mach
number range of O.7 to 1.2 using a full :scale =model. Static force and
moment measurements were made at a stagnation pressure of 1 atmosphere
and a stagnation temperature of 120° F. Roll damping measurements were
made at a stagnation pressure of 1/4 atmosphere. Static tests were
conducted with noge cant angles of O, 2.0, and 3.5 degrees. Spin dyna-
mics tests were conducted with the uncanted nose and with the leading
edges of the fins beveled at 15, 30, and 45 degrees.
3.1.2,2 Test Results

The results of the transoric and supersonic tests were consistent
and exhibited a smooth transition between data from the two tunnels. In
addition to presenting the combined results of the two test series, the
test data are compared with the estimated serodynamic coefficients de-
scribed in the preceding section. The comparison is significant in re-
viewing the Aerodynamic Performance, Section 3.1.3, ir that the per-

formance analyses utilized the estimated values of the aerodynamic coef-

~26-
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ficients. The test data were not available at the time the analyses were

performed.

Drag measurements at zero angle of attack indicated that the test ‘
projectile demonstrates an early transonic drag rise and extremely high
supersonic drag as shown in figure 3.1-5., These effects have been attri- H
buted, primarily, to the tlunt nose and, to a lesser extent, to transonic

separation on the projectile afterbody. If the estimated drag coefficient

is interpreted ac an aerodynamic requirement, then, the blunt nose of the

N i o

test projectile design must be modified for drag reduction.

The variation with Mach number of nomal force slope coefficient
and pitching moment slope coefficient is presented in figures 3.1-6, and
3.1-7. The digcontinuity in these data occurring between Mach numbers

_+90 and +95 is believed to be caused by boundary layer separation on the

boattall section. The data indicate that the est projectile possesses

WM oA

a high degree of stability particularly at subsonic velocity; this being
a usual characteristic of blunt nosed projectiles.

Measurements were made to determine the effect of nose cant on pro-
jectile 1ift and pitching moment. The angle of zero 1lift and the angle
of zero moment were determined at transonic and supersonic Mach numbers
for nose cant angles of 2.0 and 3.5 degrees. Since displacement of the
1ift curve would not have a significant effact on projectile flight for
nose cant angles of intsrest, only the zero pitching moment angle is
shown in figure 3.1..8. Nose cant can be considered in the same manner
as any type of aerodynamic malalignment wherein aerodynamic balance of

trim is achieved by projectile yaw. The test data show a static trim
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angle of less than 1.0 degrees. Since the primary purpose of inducing
spin in fin stabilized projectiles and rockets is to eliminate the effects
of zerodynamic malaligmeent, the magnitude of the zero moment angie will
be substaixtia.lly reduced at the roll restes contemplated for the test pro-
Jectile, Therefore, it is unlikely that nose cant alone would establish
a trim angle large enocugh to affect seeker operation provided that roll
resonance is not induced. (It is to be roted that the ratio of project-
ile roll rate to pitch frequency will probstly exceed 2.0).

Measvrexents were male of the projectile roll dsmping character-
istics and the rolling effectiveneas of leading edge fin bevzi, The
results of these tests ere shown in figure 3.1-2., The roll damping data,
obtained without fin bevel, indicates tht the rci.ing demping cosfficient
is constant with Mach number. Some degree of uncertainty exists with
rolling effectiveness date because tha effects of friction could not be
accurately accounted for. It was found that the fri~tional torques in
the bearings were not reproducible from test to test.

3.1.3 Aerodynamic Performance

The successful implementation of the POLCAT concept requires that
& nmumber of fundamental relationships between the aerodynamic proper-
ties of the projectile and the operating characteristics of the control
system and the guidancz sysiem must be mainteined. Without fully anal-
yzing the nature and the consequences of these reiationships, the criti-
cal aerodynsmic perrormance I{tems were investigated.

1) time of flight 2) projectile yaw 3) roll rate

-28~




The gosl of POLCAT asrodynsmic design is to miniwize, insofar as possible,
each of these factors. A foilowing performance analysis was conducted
and the rel.ults evaluated relative to this goal.

A summary of the asrodynamic coefficients used to dstermine tbe
flight performance of the POLCAT test projectile ia given in Table 3,1-2,

While 3 major discrepancy sxists between the estimated values and the

wind tunnel values for drag crefficient, the subsequent performance re- {
sults based on the estimated dray coefficient can be treated as goal or
reguirement for any future aercdynaric design effort t5 recduce test pro-
Jectile drag.

> orm W aadevaeme s

The performance analysis also considered a larger caliber POLCAT
rrojectile since interest has been directed toward the possible develop-
pant of a 152mm PDICAT system. The known mass and dimensional charascter-
istics of the test projectile and the estimated characteristics of a

152mx POLCAT round are given in Table 3.1-3, The estimated values of

e @ S I

the serodynamic coefficients were used in analyzing the performance of
the 152mm proje~tile since the wind tunnel results were not availsble
vhen the analysis was performed.
3.1.3.1 Trajectoxry Characteristics

The variation of velocity with range was determined for the POLCAT
test projectile based on estimated and test values fur drag ccefficient
and are presented in figure 3.1-10. In addition, the velocity variation
of the XM4lS round is given to demonstrate the improbability of maintain-
ing supersonic velocity at long range with a muzzle velocity of 1800

ft/sec. Given tbat the POLCAT systes wust operate at this muzzle velocity,
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Table 2.1-2

Summary of Estimated Aerodynsmic Coefficients

clS

The valuee in

M .8 M 1.2
.225 (.600) .59 (1.192)
.057 (.046) .065 (.060)

-.7M95 (-1.53)

N

.0

-.277 (~.210)

160

-.101 (-.100)
5,0
'.277 ('-?10)

. 509

rarentheses are wind tunnel tect dsta.

Table 2.1-?

Projectile Characteristics

120mm: Test Projectile

.61

.122

1.2k
196
.50
.02

.665

Propczeéd 152mm Round




ard that it is not possible to design a POLCAT projectile with less drag
than the XM4l9 round, then, the aerodynamic design must provide adequate
transcnic flying qualities. This requirement is fulfilled to some degree
with the blunt nosed test projectile which is capable of maintaining pitch
stability in the transonic regime.

The time of flight of the test projectile is shown in figure 3.1-11
where time of flight is given also for a vacuum trajectory as a function
of range. These data are presented since many POLCAT system errora are
a function of time of flight. The guidance performance {false alarm rate)
of the PCLCAT Qemonstration system is dependent upon time of flight. Fur-
ther, the tactical application of the POLCAT concept requires that time
of flight be minimized in order to maintain system performance against
moving targets.

The effect of muzzle velocity on velocity variation with range and
on time of flight was examined in a trajectory study of the 152mm POLCAT
projectile. The results, presented in figures *.1-12 and 3.1-13%, indicate
how effectively increased muzzle velocity c&n be used to fulfill time of
flight or downrangc velocity requirements.
3.1.3.2 Yaw Characteristics

An analysis was performed to deteraine the effect of initial distur-
bances and crosswind on projectile yaw characteristics. The estimated
aerodynamic coefficients given in Table 3.1-2 were used in the investiga-
tion of the projectile dynamic behavior. The initial disturbance was
characterized by an angle of yaw of 1 degree; this value being based on

test firings of the XM89 system (29). (See Design Data Supplement for
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test values.) An expected value for crosswind of 10 ft/sec was selected
based on available meteorological data (30).

The steady state yaw due to crosswind is shown in figure }.l-lﬁ.
Orce again the adventage of high velocity is apparent. The transient of
yav 1s not indicated since it is negligible downrange where effects of
crossvind are more sericus. The assumed damping-in-pitch coefficient and
the induced spin rate which is considerably greater than the pitch fre-
quency provide the necessary conditions for the rapid damping of any tran-
sient motion. This is illustrated in figure 3.1-15 where the response of
the projectile to initial disturbance is shown for verious values of muz-
zle velocity. The actual periodic variation of yaw angle is not given.
Irstead, the envelope ¢f the yaw amplitudes are plotted.

Other phenomena such as mass asymmetry, projectile malaligmments
(nose or tail cant), and yaw of repose have not been considered in the
analysis since it is urlikely that their contribution to total projectil
yaw is significant. However, based on the results obtained in the anal -
ysis, it appears that the design of the seeker and the choice of scanning
angle must be predicated on operating with yaw angles of at least 1/2
degree; 1 degree under less favorable conditions.
3.1.3.3 Roll Characteristics

The =ffect of tail fin cant on the test projectile roll rate was
investigated using the estimated values of the aerodynamic coefficients
given in Table 3.1-2. A muzzle velocity of 1800 ft/sec was assumed and
initial spin rates of 15 RPS and 20 RPS vere examined. The results for

the initial spin rate of 70 RP3 are shown in figure 3.1-16 where project-
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ile pitch frequency is also given. The resultz indicate that canting tail
fins does not appear to be a practicsl technigue for controlling roll rate
becaus~ small changes in cant angle induce large changes in roll rate his-
tory. (0.2 degree change in cant angle induces a change in roil rate of
15 RPS.) Since roll rate proved tn be so sensitive to fin cant angle, it
was of interest to compare the relative effectiveness of fin cani to lead-
ing edge fin bevel. The cant and bevel angles that provide equal rolling
effectiveness were determined by combining the estimated and the test

values of the rolling derivatives. (See figure 3.1-5)

5= ®
2 Ty

3.1.k  Summsary
At this point, the POLCAT test projectile is evaluated relative to

its expected performance as a flight test round.

(1) 7he blunt nose induces extremely high drag
resulting in long time of flight and rapid
velocity decay. However, it is unlikely
that drag reduction can provide supersonic
velocities out to a range of 1000 meters
unless muzzle velocity is increased. See
figure 3.1-18.

(2) The test projectile possesses adequate

pitch stability throughout flight. For
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(3)

(2) cont'd. the expected initial disturbances,

the projectile yaw will be sufficiently low
for ranges beyond 500 meters io vermit func-
tioning of the ‘“ddance and control system.
However, yaw a. to crosswind imposes a
severe operating condition for the seeker
which can only be mitigated by increasing
muzzle velocity. ¢t might e noted that the
pitch damping of the projectile has not been
thoroughly investigated and this could ulti-
mately be a serious design deficiency.

The requirement for establishing constant
roll rate for guidance and control system
operation precludes problems associated with
roll resonance. Peveling the leading edges
of the tail fins appears to provide a satis-
factory roll rate time history. The required
bevel angle cannot be determined without ad-

ditional aerodynamic tests.
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Figure 3.1-6 Normal Force and Lift Curve
Slope Coefficients vs Mach Number
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Figure 3.1-9 Demping-in-Roll and Rolling 1.
T Effectiveness Coefficients vs Msch Number
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Figure 3.1-10 Velocity Variation vs Renge
for POLCAT Test Projectile
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Figure 3.1-11 _Time
for POICAT Test
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Figure 3.1-12 Effect of Mazzle
Velocity on Velocity Decay
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Figure 3.1-15 Demping in Yaw
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Figure 3.1-17 Comparative Rolling Effectiveness
Pin Cent vs Leading Edge Bevel
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3.2 STRICTURES

A design sné test effort was conducted tc establish the required
gtructural modif'icetions for converting the XMLl9 round to a test pro-
Jectile incorporsting e seeker head and & puleer and capable of sustein-
ing the loads impozed at launch snd by impulse control.

The structursl design of the test projectile is described in Section
3.2.1 The tests that were conducted to oualify the decigs are described
in Section 2.2.2. A summary of the oversall effort is given in Section
3.2.3.

3.2.1. tructurasl Decsign

The decision to develops a POICAT test projectile from the X419
round and to utilize the XM89 gun for the pianned demonstration firings
clearly defined the critical conelderations of structural design.

{e} The aft sscemblies of the XM419 round (aft body sdapter,

tsil boom adapter, and tasil) were retained in the test projectile

design, these sssemblies were capable of sustsining the exial
loads st firing; en ecceleration of 10,000 g. It remeined, then,
t0 determine the ability of these structural elements to svstain
the transverse loads imposed by impulse control.

(b) The seeker optical and electronic components, and structural

housing had to be designed for both the axisl] loeds of initisl

acceleration and the transverse loads of control.
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(¢} fn order to cbtain adequatz muzzle velocity within the per-
formance ratings of the XMGS gun, the design of the zeeker head
end the pulser, sand the subsegquent modificstions to the XMhl9
round had to ve achieved such that the weight of the test pro~
Jectile did not exceed 18 poundr.
(3) The arrangement and inctellation of the seeker ard the pulser
compcnents had t¢ provide for locating the pulser nozzle at the
center of gravity of the test projectile.
The test projectile design that wes estabiished for these requirements is
shown In figure 3.2-1. The weight of the projectile is 19.4 pounds and

the length is 32.8 inches. A prcjectiie weight and dbelance summary is

given below.

Distence from

iten seight (1v) Nose (in)
Seeker head 9.32 3.€
Pfulsey 5,29 g.1
Boom adapter 4.03 16.0
Teil T 1.9

Total Weight 19.35
€. G. 8.7 inches from nose
The load anslysis that wag performed (Section 3.2.1.2) used the

following distritution of weight to simulsce the test projectile.

weight (1b) Distence from
dose {in)
Nose 5.9 1.5
Center Body 2.0 9.k
Tail 1.9 3.5
-57-
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R.2.1.2. Stress Anslysie

Stress analyses were performed at criticsl stations along the aft
body adspter, the tsil) boom sdapter, and tail to determine the structural
integriiy of these sssemblies under trenserve impuleive loading. An over-
shoot factor of 1.5 wee used. It was determined chat these XMU19 sssemblies
could be used if impulse was limited to approximately 20 lb-sec. If the
megnitude of impulse for control were increased to 40 lb-sec, then, the
outside diemeter of the tail boor wculd have to be increased from 1.375
to 1.62 inches et the forwari end and sllowed to taper to 1.375 inches st
the aft end.

The seeker head sscsembly shown in figure 3.2-6 was sanalyzed for a
longitudinel load factor of 10,000 g and 8 isteral load factor 855 g
imposed at the time of control with an overshoot factor of 1.5. Computations
indiceted the design to be sde~uate for both the transverse and axial load-
inge. The wesults are given in Tablie 1.2-1.

The design of the support cstructure wss conceived specifically to
minimize the bearing pressure on the opticsl element during sxial lozding.
This was achieved by, first, providing e "arge bearing surface and, then
placing & groove at the oeriphery of the structure, below the bearing sur-
face. The purpose of the groove is to prevent a condition of edge
support of the optical element by esteblishing 8 structural cross-section

the eil1minates deformstion ¢f the inner portion of the bearing surface under

-58-
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It is to be notz2d that the arar sngle of the sroker iz offact
Trom the longitudinal aris of the projectile by the inclinstion from
tha norrwal of the trasring corface of the surport strusturs (see Figure
3.2.6).

2.2.1.2 Lead Anelysis

Cas purpose of this sk vas 10 Investigete the structural behavior
~f the +toat projectile under = transverse i{nulsive 194, The ususl
rrocefyre 2F analysis i t~ sgsume the vprojertile ja a rigi? boldy and
detearniine the inzriir nars diciridbution or the tody that +111 vut it in
~~ni1ibrium vith the cxternnl applied system of 1oads. These losds are,
th~1:. multirlied by = 3dynexir aveirshoct facter hntve?r T,0 oand 2,0, deprnd-
ipg ur~m the rigidity ~F the o?y and the time durstion of the externally
arniied Toud, to determine on egquivelert static Tosd. In the sctual siress
enr'yzis thaf veas rerforned, =sn overshcoot factor of 1.5 war assumed. This
reawresentes an unrer bound i€ tr-e anprlied impulse is essumed to be tri-~
anguler. Therefore, tha srerific objective of this task was to obtain a
renaanatiy clasre erorarinaticn of the dynamic overehnzt factor in order %o
varity the mesumed margins of safety, In order to determine the over-
short fentor, it wr necassary to 2ssume an elastic medel and compare the
mayiviym fne~tis Tonds with thnse obtained for the rigid model. Cornegquently,

the transient gtruciur=l, ne vell as rigid body response, to 2 transverse
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iopulse was dete2rmined. The test projectile, because nf its variatle
section proper-ieg, is beet describted pathematically by a ceries of
pertial differential equestione having veriable coefficiente, but becsuse
of the complexity of this type of enalysis, & simpler methematical model
was formulsted. The model essumed was 2 three masa system connected by
two springs as shawn in figure 3.2-2. A transverse imrulse was assumed
at the center mass (ml). The structurel response of the configuration
was estimeted by determining xl(t), xa(t), xz(t) end 0(t). However, only
xe(t) and x3(t) are reguired to describe the elastic deformstion. The
general ecuations describing these guantities ar¢ given in Table 3.2-2.
In the derivation ¢f the equations, structural damping was neglected sine
only the initial transient wae considexed critical and structural damping
would have relatively little effect on the first peak of the transient
structural response.

Based on these equations, the tsil inertia load was deterwined for
an impulge of 2C lb-sec &nd a duratlon of .005 seconds. The values for
the maeses, lengths, and spring constants used in the anslyses are given
in figure 3.2-2. The meximum inertie lcad for the elasgtic Qodel occurs &
.003 geconds, whereas, for the rigid model, the maximum occurs st .0025
seconds (time of peak impulsive forcej. The tail inertis losd and the
deflection of the teil ag Tunctiomsof time are given in figures 3.2-2 end

3.2-k.
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The dynsmic overshoot fector wes calculated to be 1.375. ‘fhe re-

-

sponse of the elastic body and the rigid body with en eccentricity of 3.36
inches between the tranesverse impulse and the center of grovity ie shown
in figure 2.2-5. This anslysis estahlished thst the eccentricity had &

negligible effect on structursl deformation

T.2.2 Structural Test

A program of structural teeting was planned for the guelificstion of
the test projectile prior to demonstretion firings that consisted of air
gun rests, static impulse firinze, and rsnge firings with dummy seekers.
The limitationg of the oversil progrsm precluded the execution of this
plan. Ag & conze-ueace, the testing that waz conduc*ed regreczents &
veiatively small ~tion of the tegt effort reouired for ouslificstion of
8 tect projectile.

Air gun tests vere performed to investigate the siructural integrity
of the seeker hesd under the sxiel losding of gun launching. The impuilse
test firing (only one wee conducted) was parforzed to detirmine if the
test prcjectile could sustsin the trsnsevrse impuise loading of control.

2.2.2.1 Air Gun Tects

Tests were conducted at *he &ir gun facility, Frankford Arsensl in
whizh the sacceleration waes st least 10,000 g. Th2 ceeker housing wag

modified in order to adapt it to the sir gun fixture.

62
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Initielly, the seeker electronies including power supply were
tested. In the first test, the aiectronics package vas szeverely
damaged; the ceuse of failure, however, wvas attributed to incorrect
asrembly prior to insertion in the air gun. Subsequent tests vere
performed in which the electronics packsge successfully survived air
gunning. This was established by performing functional tests (see
Guidsnce, Section 3.L4) wiin the test samples before and after air gun
tests.

The opticsl element wss damaged in three tests that wvere conducted.
In ecch case, the damage was in the form of frac‘;ures along the periphery
>f the optical head. It was concluded that the bonding material (EK 910)
usad around the periphery of the optical element created a rigid lock
to the supporting band of the seeker housing and caused the glass to
fracture under load. 70 examine this possibility, the method of install-
ing the optical element was modified. A groove wac machined in the
supporting band. On installation, the optical element wvas positively
ezated on a .G05 inch telon spacer and pslysulfide base adhssive EC 801
with accelerator ED 1063; Spec #IL-5-11031A, was injected into the
machined groove of the supporting bank, The assembly vas placed into an
oven for curing the adhesive (165°F) with the seating pressure being
contimiously applied. With this modification, an optical head was sub-

Jected to two successive air gun tests without sustaining damage.
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3.2.2.2 CStatic Impulse Test

Suspending a test pro,ectile snd firing the pulser. provides a direct
technique for meesuring the pulser performance as well as determining the
ability of the airframe to withstan?® the transverse {mpulse loading. The
only test performed was unsuccessiul when a pulser, designed tc deliver
2L lb-sec of impulse, shattere.) the aft body adapter in the region of the
nozzle. As a consequence, no test data were obtained as to the structural
behsvior of the test projectile wnen subjected to this type of impulse

loading.
3.2.2 Summary

The +test projectile structural design that wvas developed partially
fulfills the given design riquircawents. The structure is adequate for the
expected axial loading of 10,000 g at launch and for the transverse loed
nf inflight control if pulser performence is limited to 20-25 li-sec impulse.
The projectile center of gravity is located 8.7 inches aft of the nose, The
pulser nozzle centerline is within 0.1 inches of the center of gravity, as
required. The design is slightly overweight {19.4 1bs), however, the target
design weight of 18 pounds could be achieved by & design modification. One
possibility that had been examined was incorporsting the pulser in the
seeker head section. This wculd place the nozzle in the cylindrical porticn
of the projectile forward of the stop band.

though the test effort was extremely limited in scopa, the results

were significant; namely, the POLCAT seeker head with optics, detector, and

electronics can function properly after air gunning at 10,000 gz.
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Figure 3.2-2 Model for Elsstic Analysia
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Figure 3.2-% Compariscn of Elastic
snd Rigid Body Response
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3.3 CONTROL

The conspicous feature of the impulse control development was the
need to produce & lightweight, reliable pulser unit without the benefit
of a well established technology. While the feasibility of utilizing
impulse cortrol for projectile flight correctiorn had been previously
demonstrated by flight test (1), the success of this earlier effort had
been achieved with hardware that delivered relatively low impulse
(7.0 1b-sec). As & consequence, a substantial teat effort was undertaken
tc extend the technology by generating bas’c design and performance data
for higher impulse. These data, then, were applied to the development
of a pulser capable of fulfilliag the specific control requirementa of
the contemplated flight test demonstrationm.

The nature and the scope of impulse control developaent that vas
conducted is presented as follows; the design effort is described in
Section 3.3.1, the test effort in Section 3.3.2, and a summary of results
is given in Section 3.3.3.

3.3.1 Design

The limited nature of availabie experimental data and existing
theory had two significant effact: on the development plan that vas
formulated. First, the magnitude of impulse was selected to nmeet minimum
requiremants for control of the test projectile during a demonstration
£iring, recognizing that in a tactical application, larger impulse would

be required. -~ - 'nd, an effort to develope and to verify pulser deaign

technology war ixecuted prior to the fabrication of a pulser unit designed

to fulfill the requiremen.. of the fiight test demcnsiratics.
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Consistent with this plan, the following design tasks were under-
taken.

(a) Theoretical analyses were made to establish the

range of required design characteriatics that would

provide desired impulse performance,

{b) Based on the results of the theoretical analyses,

two test fixtures were designed for testing to deter-

mine the influence of the critical design parameters

on performance.

(c) The prototype pulser vas designed based on the

experimental ds*a obtained from test [ixtorny firings.

The fcirlowing sections describe the specific tazks of the deeign
=ffort; the internal ballistlcs utudy, the cortrol effectiveness analy-
5is, the test fixturs design, and the pratotypes pulser cesign.
3.3.1.1 Interior EPallistics Analysis

This initial task, undertaken as part of the impulse control
development effort, was the analysis cf the pulser interior ballistics.
The purpose of this study was to estadlish preliminary desigr parameters
such as chamver volume, propellent weight, and orifica area for the
desired controi perfermance characteristics (total impulse, discharge
time and peask pressure). At the outset, it was recognized that the
ballistics of a pulser were noct in all respecis representative of those
systems for which availsble theory (2) (3) had been developed. How-
ever, the results of the anslysis vere to be ueed in the design of test

fixtures rather than “he design of a orototype nulser. Final vuluser
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design was to be btased on the experimental data obtained from the flirings
of the test fixtures.

The analysis of pulser performance consisted of e stimating the
conditions during burning and, then, after durning. The rotation used
in the equations describing the interior ballistics is givom in Table
3.3-1. The assumptions asscciaoted with these equations are as follows:

(1) Constant temperature of gases during burning (this

establishes that impetus (i) and diascharge coefficient

(Xo) are constant during this period of time),

(2} Burning rate is proporticnal to pressure, r = BP

(B may be chosen so that the area under the linear turn-

ing rate curve equals that under the exponential burning

rate curve, r = BPR),

{3) The gas flow thrcugh the nozzle which converges

and, then, diverges, can be treated bty the classical one

dimensionai appr. .ch.

(k) Heat and fricticn losses are neglected.

(5) The velocity of the gases in the chamder is zere

and no pressure or temperature gradients exist in the

chamber,

(3) (s discharge through the nozzle is an ideal,

adiabatic expansion.

(7) Mass flow is maxinmum; zonic velecity exists at the

nozzle throat.

Eased on these assumptions, expressions were derived for peak chamber
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Table 2.3-1 Interior Rallistics lNotation

nozzle throat area (inz)

nozzle exit area (ine)

linear burning rate coefficient (%%%%%5)’
exponential burning rate cceSficient (%%é%ﬁg)n
eropellant weight (1b) r ‘E+-1E 1/2
sonic discharge coefficient, _%_Zj (?%T) o j , (sec
weight of discharged gss {1b) ‘

veight of propellant burnt (1b)

charber pressure (lb/inz)

burning rate (in/sec-oei)

propellént surface area (132}

time to peak pressure (sec)

time to pregsure decay of .20 of peak pressure (sec)
initial charfber volume (in3)

chagber voluse at all-burnt condition {in’)
propellant web (in)

per-ent charge burat

ratio of specific heats

peicent discharge of burrt propeilant

propellunt density (1b/in?)

covolzme (1n7/ib)

effective mean Impetus (ft-id)/1d
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prersure, Alscharge time, an? impulse., The derivations are given in
Tekle 3.3-72.,

Jsing the equations that were developad, the rerformance of the
™lrer decrribed below vas calculated.
Ay - .5 1in°
e - 785 in?
- 8% grajne (M2 SP .C16" web proreliecnt)
Y.o- @ 1n3

The crtimrtald rulsger ~erformencs is givan b21mr and compered with the

aerimantel vesults thaet were obteined Auring the test “irirgs.

Estimated Test
P~e' Prasanpre {nei) 23,800 17,000
Time t~ PorV Progsura (- 3.5 - 6.1 .8 -1.0
™{ze fram Pee¥ ta .2 Peak Pressure (ms) 1.00 1.ko
Topulse {1b-erc) 25 2h

The 4ifference tetween the sstimated and test values of peak
orescsure rrobably resvlts fromr the assumption, uged in calculating reak
»ressure, thet all the rrorellent burns in the charber., It is %nowxm
from current reroilless gun technology that 2 consigderable vnortien of
the unburrt rronellsnt leaves the nozzle before the vrojectile leaves
the gur /5). This recults in a dacrease in peak pressure and, alsc, a
dagreseive burning effect vhi~h decreases the time to peak rressure. It
i Yikely thet & stmilar 2ff2ci occurs in tie pulser, Ir additior, time

+e oerk pressure was chom to be significantly affected by the initiel
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Table 3.3-2 Derivation of Performance Parameters

Peak Pressure

The equation of state for gas in the chamber is,
| Pf}lo -c(1 - 6)/6 - Nnﬂ . 12 I\ (1)
For a single perforated propellant grain, the burning surface is constant
(neglecting end burning) so that the rate of gas gererated is only a
function of pressure given by,
C dg/dt = 8Sr = B5SBP (2)

Since for single perforated grains,

85 = X/, (2a)
the percent of propellant burnt can be expressed as,

¢=mp, [ P at (3)
The gas discharged during burning is given by,

m = KA, {:tp at (%)

The flow factor, representing that fraction of the gas generated which
is discharged, is defined as,

! = m/C8 = X AgNy/2BC (5)
Using this equation, the gas remaining in the chamber at any time during

burning can be expressed as,

N=(1-1%) (6)
Substituting equation 6 into equation 1 gives the chamber pressure as,
12 CA(1 - 4)g (7)

T Vo TN - ) - C(L - PR
This expression indicates that preasure increases as ¢ increases, reach-
ing a maximum when all the propellan’ s burnt (¢ = 1). DPeak pressure,
then, is given by,

Py = 12 CA(1 - ) /vy (8)
-76-
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Table 3.3-2 (continued)

where VB is the effective chamber volume at all-burnt

Vg = Vg - C(1 - ¥) (s)

Discharge Time

The discharge time is considered to consist of *wo intervals; the time
from the atart of burning tc the all-burnt comdition (t,) and the time
fror all-burnt to a chosen condition of reduced pressure (1;r - t‘b)‘
The time to all-burnt (tb) is estimated by essuming the free volume
to be constant where , from equation 1, the instantaneocus free volume
is given by,

Ve = Vo ~ (C/B)(1 - $) - Bm (1¢)
A constant frae volume is s2t by letting ; = 1/2 repressnt an average
value of ¢ and for an average N = 1/2(1 - ¥)gC. Witk 7 equal to 1/2
(typical value for high-low guns, N can be given as,

N = /8 (12)
The free volume becomes,

Ve =V, - (C/25) -mC/8 (12)
and the equation of state can be expressed as,

P=12C g N1 -4)N, (13)
Differentiating equation 13,

dp/at = 12 ¢ M1 - +)/Vp ad/at (34)

@P/P = 24 C A B(1 - F)/NWy at (1ha)

Integrating equation lka between the limits Py to Pp and O to tp,
where P, is the pressure generated by the igniter, the time to

all-burnt is given by,
-T7-
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Table 3 3.2 (o

) .
th = Ve Yy 11’1(.3/?0) (15)
hC N BIL - )

Ir deriving the time from all-burnt to equilivrium, ejuilibrium is
Aefined a3z that t{ime when pressure has decayed to .20 peak pressure,
Since the pressure at alloburnt is equal to the peak pressure,

Pp = Py = 12 Ny MYy (16}

whore Np 18 the velue of N at peak prressure; N, = C(1 - ¢).

Aftsr all-burnt, the grs Aischarge rate is given by

2 v (17)

whera the aubserirt m denotes the econdition st peek rressurse,

‘ 1
ar/at = -y 3 Jlat = KC(TE/T)

As~uming Frictionless, adiabatic flow of ideal gases,

~

1/ 1/2 == :

NG 4 I end (M fP)T o (plp) = (38)
-1/5 1-3

a/at - (/) By PT ap/at (19}

Substituting ~quatinre 18 end 19 irtu equation 17 snd integrating

betwnen Timits P ani P, (Pp = 200 ) and ¢, und tp. the time from

21l -burnt Lo equilibrius is given oy )
B} r_.° g
te - ty = (I - TUVR/A ML/ NG (5) i (20)
Tmrulse
T =Cp Cf, » LB C/K {21}

wheve the assumed v2Tus for thrust coefficient () 2ccounts far
the »ntis of averapge chember pressure to atmospheric nresswure and

tlir ratic cf nozzle exit ~rea to nozzle throst sares,
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igniter pressure both in the theoretical calculstion and the test firings.

Hovever, the magnitude of thir effect was not accurately predicted dy
theory. A reasconable theoretical estimate was obtained for impulse aad
the time for pressure to decay from peak to a selected, reduced value,

Cenerally, it can be concluded that the azsumed analytical model
used for computing pulser performance was not sdequate for accurate
estimation,
%2.3,1.2 Control Effectiveness Analysis

The previous section discussed the design parsmeters associated
with %he performance of the pulser unit as an impulse genersating device,
The following discussion i3 concerned with the performance of the pulser
as part of the projectile system. Without fully esteblishing the inser-
relationships between the aerodynamics, guidance, and control of the
projectile, it is recognized that the aerodynamic properties of the pro-
Jectile and the functional charscteristics of the seeker will deterxine
the choice of projectiie spin rate, Therefore, the pulser must ve de-
signed tv provide the desired impulse control at the estsbiished spin
conditions. An snalyzis was performsed considering two questions;: how
effectively does the puiser deliver impulse to & spinning projectile
and wvhat are the requirsments on pulser discharge time relstive to mzin-

ining effective control? The problems associated with projectile

pitching motion and control response have been discussed previously in
sufficient detail (1) and design solutions established such that con-

gsideration here would not contribute any additioral understanding.
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Since the discharge time of pulser will not be extremely small as
compared to projectile spin period, impulse must be examined in terms of
& rctating thrust vector that is applied during the control cycle. A
measure of control effectiveness, then, is the ratioc of the useful impulse
delivered to a spinning projectile (I,) as compared to the impulse gener-
ated by the pulser (Ip). An expression for this "effectiveness" ratio is
derived as a function of projectile spin rate (¢) and time to peak thrust
(tp)-

In deriving the conirol effectiveness ration (Ie/Ip) , the thrust-
time variation of the pulser is assumed to be triangular shaped. (See

sketch below.)

Thrust

?(—— td"”‘p')‘k‘“"‘ by — Time

It is to te noted that the time to peak thrust (tp) defines the rise time

of pulser thrust. T¢ account for any dclays that might occur in ignition,

85




Iy = ) T dt (1)
0

For the assumed thrust-time variation, the integral cen be expressed as,

2t
(™ (e 7
IP = TP!L{: (t/tp)dt + / (2 - c/tp)atg (23
.,p J

7

solution to ecuation (2) is,
I, =Tp & (3

The effective impuise (I,) Le¢ defined as the xwpulse delivered to the
srinning projectile in the di:ection of the pesk thruet vector, Tais
quantity is deriveé by modifying eguation (2] se as to account for the
instantaneous orientatior of the thrusi veoctor throughout the control
cy~le. {See figure 3.3-1,)

p 72t

4

I, = 'rpL)( (t/tp) cos p &t + (2 - t,/tp} cos # :St-} {3}

- L
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Since projectile spiz rate can be assumed to be conatant during control,
and since it is decired that the effective impulse be determined along the
peak thrust vector, the instentaneous angular orientation of thrust can

be expressed sg,

g Bt - By (5

Subztituting equstion (5) Intc eouation (4) and integrating, provides a

saiution for effective im;ulsge,

1

1l - co8 # N P
. - o Loscos b (6)

tpii

Laa)

The contirc) effectivenezs ratic can be expressed, then, as a function cf
H

tims to resk thrust ans prolectile spin rate.

(r /7y - 2(1 - cos t.8) (7)
¢ P (£ 8"
by
\? i '\h
‘8ince cos 'tp% 1 - (E%z_' + (%é
v o (tn.) T
(Ie/Ipl =1 - :!-?— &)

where tp is time in s=conds ani ¢ 15 spin rate in radians/second.
Figure 3.3-1 shows the variation of the control effectivaness ratio with
time to reak thrust for & projectile spin rats of 20 RPS.

On the basis of effective delivery of impulse, it appeers that

Bralss ielivery ‘ime an S& 'ncressed o 4 ur 5 sdlliser mds, theredy,
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reducing peak chamber presaure, without significantly degrading pulser
perforpence. Generally, it can be concluded that the loss of lmpulse
effectiveness due to spin rate is a relatively mincr congslderation in
the selection of pulser discharge time (as related to pulsner rise time).
It will be showsi in the following section that pulser discliarge time
has a significent effect on control system error and the selection of
this critical time parsmeter must account for tkis error.
3.3.1.3 Control Error

In order for impulse control to effectively operate in the FOLCAT
concept, the impulse mucst be deiivered in such a manner that the peak
thrust occurs at a specific projectile roll attitude as detsrmined vy
the seeker. This, thecretically, can be achieved if the roll rste is
constant and the .time delay associated with seeker-puiser operation is

fixed. If both conditions are not fulfilled, the {mpulse will be dellv-

ered out of the control plane by a polsr apgle defined as Ag. This error

is relatad to the variations ir roll rate and time delay as follcws.

o8 = OF tg + bty B (9)

The magnitude of the miss distance (dm) at the target directly attri-
buted to this control error is a function Of the magnitude of impulse or

angular projectile correction (X), and the range to the target at the
time of control {r).

%CMI’K (10)

At this time, it is knowm that rcll rate will vary dbut that the vwari-

ation in time delay ( td) will be samll. Thus, calovdations vere sede

-33-
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assuming that the total polar angle errcr {Ag) vas caused only by roll
rate variation. The relation between the total time tc peak thrust (tg),
miss distance at the target (4,), and target range (r} is given in figure
3.3-2. The following conditions were assumed:

Projectile roll rate (g}: 20 RPS

Variation in roll rate (n): 3 RPS

Impulse control angle (§): 0.05 rad
It is to be noted that these rasults cannot ve directly applied to the
final selection of pulser dliscuarze time untii the statistical distribu-
tions for r and AP are determines and the resulting error due to contrel
is combined with other system errcrs. Rowever, a preliminary estisate of
allowable delay time was made based on avaiishle trajectory data. These
data indicate that for a correction angle (£) «f 3,05 radians, the %o value
of target range (r) at the time of contrcl is ap ronimately 200 faet, and
the %9 value of roll rate variation {Ag) is appreximately % RS at target
ranges of 150C meters. TFor these conditions, the maximus miss distan.e
(3c) caused by this specific function can be limited to 1,5 feet if delay
time (t;) does not exceed 5 milliseconds.
z,3,1.4 Test Fixture Design

Pased on the design studies dsscribed in the preceding sections, the

preliminary control performance requirements were set at 20-35 lb-gsec of
impulse to be deliversd withir ,703 seconds. Further, it wvas estimated
that the desired performance ceculd be obtained by the range of design para-

aeters given below,
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Feak Presaure: £0,000-30,000 1‘|o/m2

Chamber Volume: 9-13 in3

Nozzle Throat Aree: 3.7 ine
Two test fixture designs, both suited to eventual incorporation within tha
test projectile, were established. Each design provided for changing noz-
zle throat area (.3, .5, and .7 in°) and chenber volume (9 and 13 ino).

Test Fixture No. 1, as shown in figures 3.3-3 and 3.3-4, contained a
simple bottle type chamber with tne axis of the cylindrical chamber co-
inciding with the nozzle axis. Chamber volume was varied by instslling a
sleeve,

Test Fixture No. 2, os shown in figures 3.3-5 and 3.3-6, placed the
nozzle axis perpendicular to the axis o the cylindrics: chember., Chamber
volume was varied by two end nlugs.
3.3.1.5 Prototype Pulaer

The design of the prototype pulser uiillized the internal. geamelry
of Test Fixture Ko, 2 sivee this design vould e sore resdily incorpvorated
witkin the tect projectile by modifying the boattail section of the MUL9
projectile. Tnis is shown in figure 3.3-7. By plecing the pulser cramber
in the eft body adapter, the axzs of the nozzle passed throagh the center
of gravity of the test projectile tramsverse to the longitudinal axic.

The pulser cectior maintained the seme bostteil sngle of the XML19 pro-
jectile and vas designed to mate with the tail boom adapter of the pro-

Jectile. The seeker sectior vas mounted op the forward portion of the

pulser section.
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The mass and dimensional characteristies of the pulser capable of

delivering 24 lb-sec of impulse are given below.

Weight 5.3 1b
Chamber Volunme 9.0 in3
Nozzle Throat Area 0.% 1n2
Propellant:
Type M5 SP ,021" web
Welight 885 grains

Initial test fixture firings established thet M2 SP .0l6" web propellant
consistently provided the desired impulse with a time of 1.0 millisecond
to peak pressure. However, the prototype puiser failed structuraily in a
test with the M2 propellant. As a consequence, the slover burning K5 pro-
pellant with a larger web is reccmmended for use with this design although
the time to peak pressure is longer (1.5 milliseconds).
2.3.2 Test

The test program executed as part of the impulse control development
consisted of 150 firings with the two test fixtures and the prototype pul-
ser, These tesis were conducted in twc series. The first series of tests
wvere conducted to determine the fundamental reletionships between pulser
design parameters and performance, and &are describad in Section 2.3.2.1,
Test Fixture Firings. The second series of tests vere conducted to esis-
Plish the performence of a specific pulser design. Thess tests are descrid-
ed in Cection 3.3%.2.2, Pulser jualification Firinge.

The dsta ohtainad during this teri program and the previous vulsur
development (4) wecrs analyzed and an empirical expressicn for relating cham-

ber volume, nozzie throat area; pesk chsxher preszure. time to peak presswre,
~&;-‘
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and impulse delivered, was developed. %he empirical relationship which
could ha extremely useful in future pulser develcopment work is given ia
figure 3,3-8,
3.3.2,1 Test Fixture Firings

Initially, firings were conducted with Test Fixtures No. 1 and No, 2

with 9 1n3 and 13 in3 chambers to determine the effect of nozzle area and

ignition system on impulse performance. Then, firings for charge establish-

ment were ccnducted with Test Fixture No. 2. All firings were made at
anbient temperature. The results are presented in Tables 3.3-3 and 3.3-k,
Pressure data vere obtained from & piezo electric gauge and impulse was
measured by penduium displacement.

Due to instrumentation difficulties in the initial firings, few
ussble thrust records were obtained with the load cell. Consequently, the
magnitude of the immuse delivered to the system could not be determined
accurately. A special penculum was constructed to permit direct measure-
ment of impulge. Recoil was measured by msans of an electronic water-bath
system., Load cell records were taken, concurrently, wiik the recoil %o
serve as 8 couparison.
3.3.2.2 Pulser Qualification Firings

The prototyre pulser was tested in an assembled test projectile

{(Gumy seeker head) withk an 800 grain charge of M2 SP .0l6" web propell-

ant. The purpose of this test wvas to determine whether the test projectile,

particulasrly the tail boom wdapter, could sustain the impulse losding of
centrol as weill &3 test the performance of the pulser. The firing of the

pulser shattered the projectiia aft section (pulser chamber) in & manner
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Table 3.3-3 Test Firing Data - Design Investigation

Propellant: M2 SP .0l6" wedb

l Chamber Throat Ave, Peak Ave. Time Average |
] Ko of Charge Voluge Area Pressure to Pesk Impulse
! Rds (grains) (in”) (in<) (1v/inc) {millissc) (ib-sec)
! Test Fixture No. 1 i
2 800 9 5 24,000 1.0 19.k
1 800 9 5 17,200 .8 22.0

3 800 g9 T 15,100 .7 17.3

A 800 9 .3 36,700 .8 21.3 !

Test Fixture No. 2

2 500 9 5 8,700 1.0 13.9 |

2 800 9 5 21,000 .9 20.6 |
L3 800 9 T 1k,700 .8 18.5 ;

3 800 9 .3 28,200 -8 20.0 ‘

5 1200 13 .1 22,000 1.0 31.8 ,
‘ 6 1200 13 5 26,000 1.0 33.0 '
L1 1200 13 .3 35,000 1.0 .0 I
; 10 820 9 ) 20,000 1.0 23.4 |
i 9 820 9 .3 31,000 1.0 26.0 ;
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Table 3.3-4 Test Firing Data

- Charge FEstablishmen-*

3

Test Fixture No. 2: Chamber Volume - 9 in

Propellant:

No of
Rds

Nozzle Throat Area - .5 in

2

Time to Peak Pressure - 1.0 millisecond

M2 SP 016" web

Charge
(grains)

Aluminum Cartridge Cases

P
N
>
"
1

1

800
900
1000
820(a)
800(1v)
900(b)

Average Peak

Pressure (psi)

Average Impulse
(1b-sec)

17,500
27,300
29,200
13,000
15,000

29,000

24,7

27.3

33.0
22.4

25.2

29.2

Modified Aluminum Cartridge Cases with Steel Sleeves

‘N

koo
600
800

900

3,500(c)
7,300
17,000

23,500

10.0

16.7(c)
22.3

22.7

— e an J

(a) Cardboard cartridge case
(v) Aluminum nozzles
(c) Only one measuement recorded
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the propeilsnt. .

Investigaticns were, then, verformed to determine the cause of fail-
ure, During the test fixture firings, the M2 propelliant ignited by the
T20F1l detonator had consistently developed pesk pressure within 0.8-1.0
milliseconds and, as a consequence, it wes believed that actual dynamics
of the pressure rise in this chort time period had not bean fully accounted
for. This was confirmed by subsequent stress anslyses which indicated that
the measured neak pressures could not poseibly cause failure of any pulser
componenits. This led to the conclusion that unequal pressures existed in
the chamber during the pressure rise causing a rupture at scme criticel
point in the chamber, thereby initiating complete failure of the structure,

Firings were cornducted with Test Fixture No, 2 instrumented ¢ mea-
sure praccyre af the end o° the chamber opposite the detonator {Sta. B}
and 2%t the center of the chamber (Sta. C). These deta shovn in Table 3.3-5
subztantisved the thenry that & significant pressure difference existed
in the zhambzr in firing:s with M2 propellan<.

To reduce peak oressure, the larger web MS propzllant was used in
test firings, The resulta presented in Table 3. 3-% indicate a rressure
raduction; however, this is accampenied by a wide end undesireadble vari-
ation in impulse deliver=d.

Curtailment of the test program precludsd determinstion of the true
cause of prototyve pulser failure.

3.3.3 Summary
The most significant achievement of the pulser develupment effori

was the establishment of basic experimental da®a relating thue design

~90-
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Table 3.3-5 Test Firing Detsa - Propellsnt Study

Test Fixture No. 2: V=9 in> A, = .05 in®

Round Charge Peak Pressure (psi) Impulse Pras;llant
(grains) Sta. B Sta. C (lbe-eic) Type ‘Web

101 800 17020 12060 27.0 M2 . OL6"

102 800 1978¢ 1%860 4.8 M2 . 016"

1032 800 15970 12130 21.¢ M2 016"

104 885 8730 7680 22,5 M5 .oz:”

I 105 885 8350 7880 23,4 ¥ . oeel”
{106 800 5600 5910 18.0 M5 .021"
107 800 4670 6070 18.0 M5 021"

j 108 800 -- -- 20.3 M5 .019"
' 109 800 6780 60L0 15.8(a) M5 019"
. 110 800 7130 8560 13.5(a) M5 019"
;111 885 6700 3500 13.5(a) M5 021"
0z 800 6620 5460 13.5(a) M5 .o21"

113 885 6880 6880 26.6 M5 021"

Po1lh 885 .- - 27.0 M5 .o21"
115 885 8930 8540 27.0 M5 .021"

? 116 885 8880 8270 22.5 M5 .o2a"
117 885 9470 8560 22,5 x5 .o2"

1ns 885 9670 8700 22.5 M5 ,o2a"

119 885 9270 8140 22.5 M5 ,o2"

(a) questionable measurement
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characteristics and the performance aof this type of nardvare, A pulser de-
sign capable of generating 20 to 25 lb-sec of impulse has been establisghed
although additional qualificaiion testing is required with instrumentation ‘
better suited to the design goals of POLCAT impulgse conivol systems.

The intexrior ballistics sanalysis indicated that palser impulse can

be estimated theoretically with an accuracy that is accepiable for the
purposes of preliminary design. This was not the case in th= estimation

of peak chaanber pressure and discharge time. Apparently, these perform-
snce parameters are excrerely sernsitive 1o the particuler conditions aszo-
ciated with pulser ignition and thus, the simplifying assumpticns that were
nade, preclude their accurate estimation.

The data cohtained from the test firings revealed the most signifi-
cant deficiercy of the overall control development zffort: the lack cof
adequate instrumentation. The available load cell instrmentation was not
sufficiently reliable and the pendulum measurement svstems were not suffi-
~iently accurats,

In view of the POLCAT system requirement for the accurate dalivery

of impulse, it appears that the first ccnsideration of any future control

system development snould ke the acquisition of suitable test instrumenta-

tion,
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Test Fixture No. 1 - Assembly
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Figure 3.3-8 Bapiricel Relationship for
Inpulse and Pulser Design Parameters

A = throat ares (S.n2)

Vo= chamber volume (102)

P = pesk pressurs (psi)

t = timn to peak pressure (ms)
I = impulse (1lb-sec)
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3.4 GUIDANCE
The developmeni of & PULCAT homing link was directed toward the

Tulfiilment of two primary objectives;

43 At A S AR b L

(e} the development of a seeker-iliuminator combination
vspable of providing an adequate guidance signal .
for the tsiget seeker under test firing conditions, <
and
(d) the develorment of a seeler capeable of performing
ita intended function after being subjected to the
hZgh acceleraticrs of gun launching.
Rccordingly, cGesign atudies, laboratory tests, and field test measure-
ments were conducted: to establish hasic design data and to qualify the
hardware thet was Tabrisated, The following discussion describes these
efforts and, in addition, preseris a guidance analysis that was prepared
specifically for this report.

Section 3.4.1, Guidance Analysis, considers the semi-sctive guid-

s he e

ance tecnnigue used in the PULCAT concept in the light of communica- H
tion theory. The analysis defines the optimm receiver, the advantages .
vf coding, and the relation of signxl recognition and false alarm
probabilities to signel~to-noise ratic {SKR).

Section 3.4,.2, ¥oise Analysis, discuases the various types of
ncise that must be considered in homing link design.

Section 3.4.3, Signal Analysis, dascribes the illuminator that was
drveioped snd the effects of the atmosphere and target reflectivity on
the guidance signal,

Section 3.4,%, Seeker Design, presents the characteristics of the
seaker that was developed. [Finally, the field tests that were conduct-

ed with the sseker are described in Section 3.4.5,
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Tible 3.4-1  Guidence Wetation

A amplitude of voliage pulse (volt}

Ag aree of detector (cm®)

b threshold level (velt)

c velocity of light (3 x 1080 em/sec)

o capacity (farads)

D diameter of entrance pupil of itransmitting opti:z (cm)
5 detectivity {cm epsl/glwutt)

E snergy of receivad signal (watt-zec)

f Trequency of signal (cycle/sec)

i) input function of time {volt)

Af measurement bardwidih {cycle/sec)

T, scan rate {cycle/sac}

g{t) output function of time (volt)

h Pianck's constant {5.62 x }.032'¢ vayt-sec deg)

hit) impulse response {volt)

Hip, spectral incidsnce at receiver due to target signal (watt/cna-micran
I current {amp)

I, average bias cwrrent (arg)

k Boitzmann Constant {1.38 x 167" joulea/deg ¥}

ke, Xy  tranzforz variables {cycle/rarian)

L yeth length {cm)
e losa involved ir mistaking a signsl for noise
Lo loss Involved ln misteking noise for signal
204w
5
. — el et ot — e an TR
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effective aperture of receiver (cm?)

number of samples

ninimm number of sequel pulses

mean squared r.ise (volt2)

average total number of free carriers

average rate at which photons are reflected by & unit area of
backyrourd into a normal unjit sclid angle per unit wavelength

interval at A microns (/cm“-steradian-micron)

average rate at which signal photons arrive at a unit area of
receiver rer unit spectrsl interval

A priori prokability that a signal will be present
a priori probability that there will be no signal

cenditional prcbability density corresponding to the probability
Gf receiving voltage v if & signal was present

conditional protability density corresponding to the probability
of receiving voltage v if there iz ao signal

probability that voltage v will fall in a region vidv/2
probability that given & particular value of v, a signal was present
probability thet given a particular value of v, there was no signal
cpectral pover in the beam (watt/mizron)
coafficient of diffuse spectral reflectivity (micron-l)
resistance (ohm)
equivaisnt iaput reslatance
istance betumen target and receiver (osm)
ratio of signsl energy to noisa specical densiily
tine (se:)

-

spectral transmissivity of air path (micron”t)
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sbsulute tempersture (%elvin)
Jthvoltage sample (volt;

wind velocity (cm/sec)

visual range {km)

precipitable water (mm)

spectral sterance of backgrouw:d (vatt/cmg-steradian-micron)

2
spectral sterance of source (watt/cm ~-steradian-micron)

angular dimensions of scannsd area {radians)
pitch angle (degres)
optical beam width {redian)

roise spectral. density (watt/cycle/sec)

angular dimensions of instantaneous field of view {radian)

line of sight argle: average radfus of scan annulus {radien)

wavelength {~m, micron)

wavelength at the midpoint of a spectral interval of interest {micron)

wavelength interval (micron)

spectral efficiency of transmitter (micron ™™

-1
spectral quantum efficiency /micron )
photon frequency (cycle/sec)

distances between diaphragms {cm)

variance

sngular iolerance on corrective impulse measured about spin axis (degree)

srequency !radians/sec)
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3.4,1 Guidance System Analysis

The elements of a semi-active guidance system are indicated in the

block diagram below.

transmitter channeli—itarget t+ichannel }-~receiver ]

Figure 3.L4-1

The received signals are attenuated by the atmosphere s2nd scattered

by the target. In addition the receiver must process extraneous fluctu-

W nimklneadeliti i

ations due to random effects in the transmitter, channel and receivez

[UENY

and interactions between them. In general, the recsiver has two functions;
firat, it must decide whether it is receiving a signal plus noise or roise
alone and, second, it must decide which of all possible signals that could
have been transmitted wvas indeed sen%t. Figure 3.L-2 shows the general

case for a single transmitted signal. §

giitch closed

<-———1 (signel sent)
signal |-o—o—e + —={receiver

] switch open
random ! ~ (ro signal)
or noise
deterministic
randcom
Figure 3.i4-2

If the receiver decides that the switch was closed vwhen actually it
vas open, this represents a false alarm. On the other hand, if the re-

ceiver do=s n0{ recognize when the switch closed, this is a miss, It will
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be shown that the a priori reguirements for the falae slarm probavility
and recognition probahility establish the energy required in the signal.

Systems in which the receiver can ds¢iersine the phase »f the irans-
mitted signal, and hence tell whether a signal f{t), or its negative -f{t},
vas sent, are called coherent; these in whicn phase information is lest
are called inccherent. ‘The POLCAT guidance system is an incoherent system.

On the basis of signal detection theory, there iz an cptimum manner
in which the received signai should be processed {1). Upon reception, the
signals and noise pass through a bank of parallel filters, one matched to
each of the possible signals. For incoherent systems, the outputs c¢f the
matched filters are envelope detected; for coherent systems the detector
is omitied and the phase is pregserved. The value of the output, measured
at the end of ihe transmission intervel, contains all of the information
relevant to identificstion of the gignal transmitted. In the case of
white, gaussian, additive noise, the probability of correct reception of
each signal is a function of the ratic of the energy of the received signal
to the spectral demsity of the noise., It is important to note, therefore,
that this probabiiity is independent of the shape of the signsl, its dura-
tion, and its bandwidth (2).

To put the foregoing on 2 nore securg theoretical basis, the re-
lation of the singal-to-noise ratio to the error probabilities is derived
and the advantages of repetitive puises establigshed. For contimuiiy, thie
will be done first for the simplest biuary system. Then, the criteria for
deciding whether or nct a signal has been received, snd for establishirg

the threshold level acd optisnrs receiver design will be developed for a

-108-




POILCAT type binary system.

A,4,1.1 Probebilistic Criteria

Received signals are corrupted by additive fluctuation noise and
therefore their wave shapes or amplitudes can only be estimated in the
statistical sense. Statistical dscision and estimation thedry enables
one to determine how to "best" perform the estimates.

The sinplest probiem is that of detecting the presence or absence of
& signal pulse, In statistical terminclogy, given the value of a statis-

tical sample, say voltage (v), at a particular instant of time one must

select one of two hypotheses, H, or Hl.

saying voltsge (v) represents noise and hypothesis H;, the altearnate hy-

pothesis; then corresponds to saying a signal iz present,

could be in error.

If 2(1,v) is the Joir* probability of occurrence of a signal and

a received voltage of value v i3 the range v + dv/2, it can be expresesd

ax,

P(1,v) = Py py{viav
It can also be expressed that,

p(1,v) = p(v)av P(1/v)
Comhining the two equationms,

P(1/v) = Py py{v)/p(v)

=109~
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Similarly,
P(0/v) = Pg Bo(v)/p(v) (&)

Civen a specified sample value (v), equations (3) and (4) are used
to calculate the conditional probebilities P{1/v) and P(0/v). For the
case where H, and Hy sre of equal importance, th» decisjion procedure
simply involves choosing K, if P(1/v)> P(0/v) or Hy if reversed. This
in3ures a minimum npumber of errors over a large number of trials.

In the svent that the two types of error have different signifizance,
the above rule requires some modification. One possible procedure is to
assign some loss values to the different types of errors and micimize
average loss {3). The choice of hypcthesis 4, corresponds to,

Lio™y pi{v} D LgiPobolv) (s5)

The effect of repesting a ~inary signal n times in ar attempt to
improve its detectability is considered, assuming that the a priors
probebilities P, and P; are known.

The signal and a2dditive noise at the receiver results in a random
voliage (v). If voltage is sampled n times, the problem, then, is how
to "best” process the n samples, Vi, Vg, «.......Vy, directed toward
ninimizing the overall prodbability of error in deciding between hypotheses
H, and Hy. Ac before, the conditionel probabilities P(L/vy, Vo, ceenuvp)
and P(0/vy, vz, «.... vy) are evaluated with the decision H; or H, besed on

the larger of the two.
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Ar important rase ig where the succeagsive samnies of v are
statisti~aily inderendent, and in which instance the !oint rrobatility
Aensity fun~ticns beceme the rroduct of their reapective firgt Arder den-

sity fimectirns, The tert far chocsing nyrothesgie H, teormmeas,

~
(52
~

pl(VI) pl(vz).o|ooooooocpl<vn) AN Po
pQ(V]_) po(VQj-..........po(Vn} / Pl

‘7or this cmse the =empling interval 1/8 with B the cystem bendwidth
in ?pq).

If the signl ni're is of amclitude A end the additive ncize ir
grunsien with varispce N,, then, the :th gamnle of voltege v will have,

whan the signal is »resent, the follovwing probetilfty distridbution:

, 2 - 1/2
P, (vy) = exp [-(vy - &) /o, /(2xN) (1)
If the gignel is absent,
2 1/2
p,{vy) = exp {- vy /2N)/(2aN) (8)

Using the retio critarion of eguation (5) to determire *he rcndition Tor
#r~{3ing on hypotheses Hy, and tszking nsatural legerttime nf toth «ides
¥n eimnlify.

— 7 e 2

k P (o
y vy - (v, -A)> 2 10g Ea (0]
L—‘J:’l v J e Pl

2rA o retimm (0) ~an be reduced to,
(‘_‘}n 1
T e e I o
e~ J=1 ’ 1
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This eatablishes that the optimum way of processing the n indepen-
dent samples of signal plus gaussian noise in order to minimize the over-

all probability of error, is to add the samples and require them to either

e s

exceed or drop below a specified threshold level which is given by,

A \T
v =g
2

o 22

loge 2;’ (11)

The threshold setting depends upon the signal amplitude (A), noise
variance, the probabilities of signal transmission (P, P;}, and the

number of samples integrated.

»oea)

The probability of error is a function of the above parameters and

in the case of Py = P; = 1/2, can be expressed as,

1/2/1 - erf(+m A/247 N), (12)

X
2
vhere erfx s 2 | exp{-y ldy
é

Mo

This indicates the improvement possible with repetitive signals for a
simple binary system.
3,4.1.2 POLCAT Detection Criteria
The previous discussion has been given to provide a basis and serve
as a comparison for the analysis of the class of guidarce systems into
which the POLCAT semi-active homing system falls. It was implicitly
assumed that the a priori _rohabilities, P, and Pl were known., In the PILC.T
concept there is no way of knowing in advance whe*ther or not a sigpal
refiected from a target will appecr. Most Of the time the voltages

in the processing circuits will be due to noise. A procsliure for minimizing
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the overall probability of error cannot te used. The testing procedure
developed by Neyman and Pearson (4), has been widely used: is parti-
cularly aporopriate in this case. It is based on specifying one of the
error probabilities. The two possible types of error that ~an be made
are, Q: the probability that H, will be rejected although true: and B:
the probability that H1 will be rejected although true. TIn applying
thes= definitions to POLCAT, the following notations are useful:

P (equivalent to @) /s the probability that
noise is . -roneously :alled signal.

P, (equiva’er® to 1 - B) is the probability
of detacting a sizxnal when it avvears,

The ootimum processing of n reflected pulses, spaced at large
enough time intervels to ensure independent noise samples, corresponds
essentially to that derived using Bayes' decision rule as outlined
earlier in the section and given by equation (10). The only difference
in this case is that, since the a priori probabilities are unknown, the
critical region chosen will depend upon the choice of Pn’ rather than
P,/P.

Thus, interpreting equation (10) in the Neyman-Pearson sense, the
detection procedure consiste of requiring the sum of n voltage pulses

to exceed a specified threshold level. This level is determined by the

allowable false alarm probability (P,). The recognition probability (Pg),

that signal plus noise will exceed the level (after summing or integrating)

and be identified correctly as signal, is dependent upon the signal-to-
noise ratio (SKR).

The application of this test procedure ias independent of the actual
signal amplitude or SNR. It is optimum in the sense that it defines

-113-
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minimum SKR for a given P, ard P’.

Figure 3.4-3 shows the relation bstween the false alsrm rate (Pp)
and the SNR at the input to the envelope dstecior as a function of mumber
of pulses added for a recognitiom probedility of 98 percent.

The foregoing has not considared signal shape, system beamdwidth and
filter characteristics, etc. The ratio of the volbage sampled at the sig-
nal peak to the rms noise, A//N, vas determined and thez prebadility of
error esteblished., Since both A and ¥ depend upon ithe system transfer
function, the transfer function is chosen to meximize A/ff

If a signal £(t) is passed through a linear filter with impuise
resgonse h(t), the filter represents the entire system between the poini
at which vhite noise is introduced and the point at which AN is measured.
The output g(t) of the filter at some time(t)is given by the convelatian
integral.

- 0C

i
g{t) = ; £{7r) n{t -Hjar (12)
The mean squared noisz output at this seme point, due to white noise of

spectral density(v‘i)at the filter point is,

- 20

K = n/2 ;{ hz(r)m» (1)

The filter impulse responce sppeav® ir the egquatioms for both g{t) and N,
For convenience, consider the square of the ralic of g{tg}fﬁ_, with %,
defined as the time at which g(t) has its peek value A.

2

2(ty) ~ f;(r) Wtg ~Har]

~11k
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In order to maximize this ratio, an srtifice is used in which it is assumed

that the signal e¢nergy (B) is a known cwnstsnt given by,
+oc
£ = / £2(y)dt (16)
-0
Dividing equation {15} by = kmown constant will not affect the maximization

process srqd leads to the following expression Yo be maximized:

400
ngf(’r) h{te *’2’)(1‘?%&
=y 775

"-{otaf (t)dtﬁ ‘\ﬁd‘%ﬁ

by Schwarz's inequality

(17

[ fee : ico foo
| 109 Blt, «r}d%’ < fe¥(t)at /f(r)d'f (18)
)

-20 -

-
it

with the equaiity holding if,
207} = h{ty -7
i.e. h{t; = £{ty «»r) (19)
This condition, called a matched filiter, provided the meximur velve of
peak SMR. This maximum SNR is given by substituting squation (19) into:

equation (15).

$oc

2(1)at 7=
(SMR)rax —‘/‘-%g—- 5 (20)

The maximum values of the peak SKR, then depends only on the sigmel
energy and the white noise spectral density.

The Winary signal decision problem in the case of “colorad™ noise
{noiss of arbiirery spectral density) can be treated similarly by first

equalizing or pre-filtering to ccnvert the noise to band iimited white
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mcision precedure (5).
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Equation (20) indicates the important design considerations for the

PCLCAT guidance system. Assuming the cptimum receiver (matched filter) and
best decision procedure (Neymsn-Pearson in this case) the signali-to-no_se
ratio will be maximum if the energy of the signal is maximized in the rezion
where the noise spectral density is minimum. When the peak power of the
illuminator is limited, the energy may be increased by making the signal
duration as long as possible..

As the signal length is increased the ability to resolve the spatial
i position of the target decreases, therefore, the maximm signal durstion is
a function of the error probsvilities. If the noise is vwhite, a single pulse
of energy {E) would produce the same SNR as & series of pulses with the same
total enerz;.
In the following riscussion of the various sources of guidance system
‘» noise, it is shown th2zt the spectral denzity of the noise, which limits
\ POLCAT,; is not white and that it is desirebie:-to shape the signal so0 that its

| power is located in the most advantageous region of the spectrum.
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3.4.2 Noise Analysis

The term noise defines those random electrical fluctuations that are
added to the signal between the transmitter c«nd the point in the communica-
tion link where the decision as to whether a signal is prescat or not is
made., The previous section showed that the probability of the POLCAT re-
ceiver detecting a signal in noise was inversely proportional to the noise
gpectral density. The additive noise are those fluctuations which are
present even when there is no signal. The noise may be due to effects in
the ch;.nnel or receiver or due to interactions between them. This excludes
those random characteristics of the encoder and transmission medium which
only modulate the signel, since they are multiplicative noises and must be
treated by different analytical techniques.

The limitations on PDLCAT guidance performance due to additive noise
are determined by examining photon ncise, semiconductor noise, atmospheric
scintillation, and scanning noise.
3.4,2.1 Photon Noise

The photon noise effect is due to the random arrival at the detector
of the discrete energy carriers, photons. According to the best accepted

theory, the mechanism of photoconductivity in lead sulfide detectors is due

to the increase in charge carriers liberated by the incident photons. There-

fore, assuming that the rate of arrival of photons is a random process, the

variations in detector current are determined by the statistics which de-

scribe the rate cof absorption of photons by the detector. The photon process

may be due to thermally emitted photons from the background and detector
surrounds (which are described by Bose-Einstein statistics) or they may be
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due to photons razflected from the background or they may be due to photon

fluctuation in the signel itself,
The dominant noise phenomencn affecting POLCAT guidance performance is

due to the reflected sunlight from the background. The average number of
photons which arrive at the detector from the element of background which is
viewed durinz the measurement interval is,

A+

Nt 6 6 M\
__! '\ t-{m?k&." B_ jan photons (1)

-

The average number of photons which arrive at the detector during the

measurement time when there is a target in the fieid is:

e

P .

Ot M+ M

' B A % ™ an (2)
24r

1
2

A

Since the random process can be described by a Poisson distribution

the varicace is equal to the average. The number of free carriers due to the

target photons can be detected againat the carriers liberated by the background

photons within the specified error probabilities, vwhen
/’:‘W»_ . o1/
t ] \
) Tt S M d,J (3)
; t. are uniform over AA
1/2

NHAN

I
e i
)N - 2.AF _}

When the distribution of NB)\’ NT)J X

— |r— = . -
W, 1 Mo _&snx Np) ty/a & O M AN, (4)
Y N 2 4of B
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Since the phoin~ enerzy is hv, the gbove can be expressed in terms of ithe
signal spectral incidance at the receiver (H’I’}.) and the background spectral

sterance (th) as follows (20),

- 1/2
HIA AN M N [‘JB)‘ tAUNBv 6n M O\ (
2Af hy > Af hy | 5)

which establishes the requirements for signal spectral incidance in terms

of background spectral sterance for a photon noise limited sysfen.

~11/2
[2p), ta he 8y 6y af

tt
Hp - RI— B W | wtsteren  (6)

where A defines the spectral wavelength in centimeters. The photon noise

equivalent power (SNR = 1) is obtained from equation 5 in terms of back-

ground sterance and expressed as,

» -1/2
2Wp) t) hc &F 8, O M 2N
mphOton‘L_ 1()\%

watts (7)

3.4,2.2 Semiconductor Noise
The characteristics of the semiconductor noise depend upon the physi-
cal properties of the materisl used and the particular operaiing conditions,
The various types of noise may be categorized as thermel noise, generation- )
recombination noise (similar to shot noise) and current noise. Figure 3.4-k
shows the relative frequency regions in which cach of these occur. i

Thermal noise is present in all conductors and ssmiconductors and is

cauged by the random motions of the charge carriers. This roise dominates
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at high frequencies. The mean squar: thermal noise current is given by:

2 h ¥ T of 2
o —m——e— mp 8
chemal R (8)

This noise spectrum is independent of frequency up to sbout 1015 cps where

quantum-sechanical effects occur.
In semiconductor ma‘erials, the statistical fluctuations in the con-

centration of charge carriers gives rise to generation-recombination noise.

It is analogous to shot noise in electron tubes and is associated with photon

noise in photon detectors. This is the major sowrce of detector noise at

intermediate frequencies.

The power spectrum of the g-r noise (8) is given by:

b 102 watt for extrinsic
N1 +w%") cps semiconductors
r(f) = 2 (9;
21, watt for intrinsic
L N1 + wz't?) cps semiconductors

which is essentially flat up to frequencies which correspond to the mean

carrier lifetime.

The mean square g-r noise current can be generally expressed as:

—? . 2
oo =T of , anp
& 1+ (£/1])

where the constants K1 and fl are related to the mumber of charge carriers

. (10)

4 e e i, € 7 5 v

and their lifetimes, znd are chosen to fit experimental data for a particular
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material.
The tbhird type of ncise which arises in semiconductor detectors is

current noise, It is also called 1/f or modulation noise. Current noise

gource are associated with potential barriers existing at intergranular

RGBT BRI i it i, el

contacts, at rectifying electrodes, at the semiconductor surface, at dis-
locations, at point contacts or at p-n junctions. It has been suggested

that this noise is due to some éffect which modulated the carrier densi-

ties and thus the conductivity of the material.

The pover spectrum of current noise may be expressed as (8),

a
I Kol &f (11)
Reurrent £

T e S AR AN

vhere 02, B~1 and K, is a constant related to the resistivity, dimensions

and other material constants.
3,4,2.3 Atmospheric Scintillation

Wken & point source is viewed through the atmosphere, the image varies
with time both in position and intensity. This is called atmospheric scin-
tillation noise. The turbulence in the transmission medium due to wind and
temperature gradients causes temporal variation of the propagation para-
meters. Measurements of this effect (10) indicate that:

(a) Fluctuations of light intensity caused by atmospheric turbulence

have & log normel distribution.
(b) Dependence of g2 = [log (I/I,)]° on path length (L) agrees with

the theory of the phenomenon, which leads to the formula o & Lll/ 6.

(c) Confirmation of the thecretical conclusion that uhe correlatiom
-121-
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(¢) function of the fluctuations of the light intensity depends on

e/(xr.)l/ 2 and +hat the correlation distance is of order (u.)l/ 2.
(a) The frequency spectrum of light intensity depends on f(hL)l/e/Vn
and good agreement is observed between the intervale of time

correlation and space correlation.
The frequency at which meximum fluctuations occur is given by,

/2

£, = 0.32 vn/(u,)l cps (12)

Figure 3.4+5 shows the frequency spectrum of light intensity wvaristion for
different wind velocities.

It was also found that the amplitude of the fluctuations depends sig-
nificantly nn the dimensions of the collecting aperture. Figure 3.k-§

-

shows an ewpirical relation between the amount of twinkling and the re-

ceiver dlameter.
3.4.2,4 Scanning Noise

Guidance systems which employ optical search techniques requre rela-
tive motion between the lipe of sight and the target background. Any
spatial variations in the background sterance pattern will give rise to a
time varistion in the received radiation. This fluctuation which is due to
the interaction of the background pattern, the optical field of view and

the scan function is the scanning noise. Since the optical and scan para-

meters are known for any particular system the randomness arises from the
background description. Those backgrounds of interest in the POLCAT gui-

dance concept are non-stationary, two dimensional distribwu:tione, Varia-
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tions in the patwrn and changes in the intensity and direction of the sun-

light illumination make the background a non-stationary random process, It

TR NPV

might be developed when scanning a tzrrain with high contrast objects on
bright clear days. It is also to bs expected that different clssses of
scenes (fields, dsserts, built up areas) might have different statistical
deacriptions.

Analytical methods for trzating the stationary version of the problem
have been suggested by Genoud (12) and Biberman (13), based on the more
general studtés by Elias (14) and Jones (15). Applying these methods,
which 1ssume the autocorrelation function of the background radiance to
be constant, the noise power per unit area from the background had been
computed (20) for a POLCAT seeker incorporating a rectangular scanning aper-
ture and ideal electrical filters. The limitation of this analysis wvas the
lack of knowledge relative to the background autocorrelation function for

the type of terrain applicable to POLCAT.

|
|

Accordingly, a program was conducted which. detsrmined, directly,
Fourizr spectra for noise developed by scanning terrain representative of
the ground combet environment. Figure 3.4-7 shows some of the scenes where
measurements vere made. All the data obtained during the messurement pro-
grum are presented in the Design Data Supplement. For the purposes of this
report, these data were reduced to the spatial frequency spectrum giver in
figure 3.4-8. This single dimensional description was cbtained by assuming
the' background 0 be isotropic. It is an average representation; the (
standard deviation “or the limited number of scenes vhich vere scanned is

three to five times the average.
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To use the figure 3.4-8, it is mecessary to determine the spatial
frequency region in which the system operates. The spatisl center fre-
quency (cycles/rad) is astermined by the ratio of signal frequency (cps)

to line of sight rate (rad/sec). The bendwidth (cycles/rad) is determined

by multiplying the spatisl center frequency (cycles/rad) by the ratio of
the electrical bandwidth (cps) to the electrical frequency (cps).

3.4.2.5 Noise Evaluation

ihe basic noise mechanisms of the POLCAT guidance system have been
discussed from a general standpoint in the foregoing peragraphs. It is
necessary to examine each in the light of the system parameters snd tac-

tical enviromment. A convenient method for detemining the limiting

SV R T I SNy R e e

noise effect is to coupare the noise equivalent powers due to each mecha-
nism. This will require using certain design values which will be dis-
cussed and derived in subsequent sections.

Using equation 7, the photon NEP is estimated for the following con-

ditions:
W, = 5000 microvatts/cm’-gteradian-micron (reference 8)
t, =1.0 = 1.0
M = 100 ca® M\ = 0.4 microns
Af = 1000 cps .k:lo'ucn
% = Oy = © = 0.025 radians
NEP = 2.2 x 10710 vatts

photon

In photoemissive, photovoltaic or PEM detectors, background fluctu-

ations contribute to the photon noise. However photoconductors depend upon
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the change in concentration of charge carriers upon irradiation. The comn-

. o > P A

centration of free carriers is determined by both the generation and re-

combination rates. With radiation falling on the detector the carriers are

e o

undergoing continuous photoexcitation and recombination. It has been shown

(16) that at equilibrium in a photoconductor the total noise power (photon

and g-r) can be no less than twice the photon noise power alone. This gives:

10

NEP.

photons and g-r= L4 x 107" watts

A lead sulfide photoconductcor was used in the POLCAT receiver. Ordi-

© o o D SRS TR

narily this type of semiconductor is current noise limited (8), where the
noise foliows 8 power law that exhibits essentially a simple inverse frequency
dependence., From equation 11 it is seen that the current noise is a strong
function of the bias current. If the detector is biased from a constant
supply {(high impedence) the noise current will remain comstant under all

levels or illumiration. However to minimize aging and other effects it is

often convenient to use a source impedance vwhich is less than that of the
detector. This approaches a constant voltage supply. Undor meximum illu-
mination within its linear range (10° to 1) the resistance of the POLCAT
PbS detector will decrease by less than a factor of two (9). Therefore,
the maximum current noise which can be expected, due to high ambient illu-
mination is no more than about twice the noise due to the dark current.

The NEP due to semiconductor moise is given by (af)Y/ 2(Ad)l/ 2 /p* in vatts.
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For,
* 1/2
D (3u,2000,1) = jxlolccn-cpl / /vatt (reference 7)

Af-

fl

1000 cps

Ay = 0.026 cu®

=10
NEF rrent = X0 vatts

To estimate the scanning noise, it is necessary to determine the line
of sight writing rate which for an snnular scan is given by (xf‘/%)tm“lnﬁc
in radians/second.

For,

3

o 0.070 radians

e 20 cycles/second

"

signal frequency = 2000 cps

signal dandwidth = 1000 cps
The line of sight rate is 8.7 rad/second. This gives the center frequency
in terms of spatial dimensions as 230 cycles/radim and the spatial banu-
width as about 100 cycles/radian. From figure 3.4-8 the scarning noise
equivalent incidance is ixlO'lo watts/cnz-nicron. For a collecting aper-
ture of 100 cn> and a spectral bandwidth of O.4 microns,

-5
NEP = 2¢10 7 watts

scanning
3.4.3 Signal Anaysis
The received aignal incidesnce, En, is 2 function of the transmitied

signal pover and the various attenuations it has undergore. This is given

. P T
by H. = -BA o T vatt/cme-nicron (1)
8h x <R
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This expression is random to the extent of the uncertainty for each of the

multiplicative factors.

In this section each of the factors will be considered in the light

Sl e TR T AT | DA

of the POICAT concept requirements. The characteristics of an illuminator
designed for field operaticn with the POLCAT system and actually used for
related studies will also be described.
2,4,32,1 Illuminator

The signal source was designed so a3 t¢ provide the rmaximme snergy
in the region of minimum ncise spectral pover density. Since the power
spectrum of the noise which limits the guidance system decreases vwith

frequency and spectral width, the l1ight beam which illuminates the target

o R A T D S B A M A Y NS RS T S ARSI R

should have the highest possible power concentrated in the narrovest pos-

sible wavelength band, wmodulated at the highest possible freguency, and

e

the receiver should be designed so it can examine thec reflected power for
the longest pcssible time,
The peak spectral power intn the beam is approximated by:

(x/h)2521>2 e watt/micron (2]

It is desirable to maximize &1l of the factors in equation 2.

In the POLCAT application, the iliuminator beam must subtend no move
than about two meters at 2000 meters vhich gives & meximm heanwidth of
0.001 radisns. For a maximm diameter of the optics of 3C cm and an opti-

cal efficiency approaching unity, the spectral fliux into the beam is approxi-

nately,

5x10-h LAY vatts/micron (3)
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The source most compatible with the POLCAT concept »nd available
within the state of the art at the time of lluminator design was the arc
discharge iamp, The spontaneocus emission from this source occzurs in spec-
tral. lines which broaden as temperature and pressure a.e increased. Since
the excitation is electronic instead of thermal, the drightnecs of an emission
band at modest input povers can be equivalent to a reiatively high tempera-
ture black body. Most discharge lamps emit in the visible and ultraviolet
spectrum, The xenon lamp provides ocutput in the near infrared., Figure
3.4-9 shows the spectral sterance of the commercial xenon arc lamp used in
the POLCAT system. In the 0.88 to 1 micron region the sterance is about
400 watts/cme-steradian-micron.

The radiation from discharge tubes may be modulated by varying the
input electrical power.

An illuminator was designed and fabricated in accordance with the
POLCAT guidance system and environmental requirements. Figure 3.4-10

shows two photographs of the equipment.
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Illuminator Specification

Source -~ Hanovis Xenon Lamp type 84lLi-C-1
arc length: 0.3 =mm
spectrum: 0.8 - 1.1 microns
Optics <~ Parabolic reflector
gperture: 12 inches
focal length: 12 inches
Beam width - 3 milliradians {limited by optical aberrations)
Modulation - 2000 cps, mechanically chopped

Power supply - demand 28vdc at 5 amps
rechargsable battery capacity: 300 amp hr

The illuminato;r was designed to accommodate either a xenon or mercury
arc discharge lamp. Sipce mercury lamps cannot be effectively modulated
electrically, mechanical modulation was used, The modulaticn frequency wsas
limited to 2000 cps by mechenicixl considerations in the illuminator and by
the time constant of available detectors.
3.4,3,2 Atmospheric Transmissivity

Atmospheric transmissivity is predictable to the extent that weather
snd battlefield conditions are predictsble. Since transmissivity is a
multiplicative factor on the signal, its variance has an appreciable effect
orn POLCAT receiver performance,

Atmoapheric attenuaticn in the infrared is due to three independent
phenomenai molecular absorption, principally from water vapor; aerosol
scatiering, by mist and fog; and particle avsorption, by dust and haze.

Tue water vapor volume veries between 0.001 and 1 percent depending
upon geographical and meteorological conditions. Figure 3.4-11 shows the
precipitable water vapor per foot of path length as a function of tempera-
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ture and relative humidity (17).

The particle and aerosol concentration is given below:

Atmospheric Contauminants

Atmospheric Particle Particle
Condition Size Concentration
clear, dry (18) N.1-1 micron: 95 percent 100 particles/cm3
1-10 microns: 5 percent
4
industrial haze (18) 0.03-2 microns 100,000 particles/cm”
fog (19) 3-60 microns 50-500 particles/cm5
(pesks at T)
clouds (19) 2-30 microns 1-50 particles/cm5

The attenuation at any particular wavelength thus depends on physical
factors which may be difficult to specify. Empirically derived factors or
models are used, in general, to determime the transmissivity. Models are
useful, not only from the standpoint of simplicity, but alsc since they
relate the transmission in the infrared to that in the visual regions.
There is some variability among methods of deterxining the atmospheric
transmissivity. The model given here is after Kruse et zl (8).

The model requires computation of two attenuation facters, 7,4 due to
abgsurption in various regions of the infrared, and Tai dus €5 scattering.
The expressions are,

1/2

) for w{wy

g’exp(-ﬁi W

T =

al (4)

)\ ki(wi/w)Bi for wywy

where w is the precipitable water in mm,
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The ~~nstants Ai’ ki' B1. and v, are evaluatad as followa:

Crantyral r@gion Ai ki Bi wi
{ai{rrons’
o700, 0k 0.0305 0, 800 0.112 .
~Ghy 1% 0.0363 0.765 0.13k4 5k
- -q -
and T o= exp - 2:910 MY, f (5)
gi , v .55 |

vhere ¥V {a the visur) rang= ir kilometers (distance at which contrast is

/
3 for V6 km: 3 = 1.3 for

rerduced tn 2 vercent), and where 1 = 0.59 V1
"everage" ~onditions cf vieibility: and g = 1.5 for "excellent" conditions
~f visihility,

The averall atmasvheric transmission coefficient is the product of
thr abrorovtion and scattering coefficient. Figure 3.L-12 presents the ra-
sults ~f etmospheric transmission measurements in the near infrared svec-
trur,
3.L,3,3 Marget Refie:tivity

The beam of radiation from the POLCAT illuminetor is both attenuated
ond s~attered by the target. This js & result of the surface conditions
surh as conlor and tertur= as well ass the gerometrical shape. The target
rannnt be described as a simple reflecting surface with a diffuse or
anecular ~oefficient tut rather {he nattern of the raflected pover as =
funrtion of angle of incidence rmust be given, in order to attain this de-
finition (11},

Yeasurements vere msde of the field pattern of reflected nower from
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an Mi8 A-1 tank when illuminated by the POLCAT illuminater (21). It was

determined that the reflected power could be genersally described by a spec-
ular component and a diffuse component. Table 3. 42 lists scme of the
results of the measurements,

The contour pattern of figure 3.4-13 represents s model for the field
pattern of the reflected power from a fully illuminated tank target.
3.k.3.4 Target Signal

The spectral power denfity at the receiver of the radiation reflected
from the tank {signal incidance) is given in terms of ths socurce and the

attenuation factors sterance by combining equations (1) and (3).

=L
_l6x lg Wea A T
Ror

Figure 3,4-14 shows the total power incident on the detector for the

Hg) watt/cm®-micron

specified optical parameters as a function of target-receiver distance.
This peak signel power can be compared with the limiting system noise
(Section 3.4,2) and the resulting SNR related to the guidance system error

probabilities given by figure 3.4-3,
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3, 4.4 Seeker Design

As established by the POLCAT concept, the seeksr must perfora two
basic functions: 1) determine whan the illuminated target enters its in-
stantdneous field of view, and 2) provide a control signal to the pulsar
if this occurs. The preceding analyses established the requirements for
performance vhere the seeker is considered a receiver in a comsunication
system. Thus seeker design must provide a) a spectral "metch" and an
electricel "mstch" for the target signal, and b) provide a Neymsn-Pearson
type decision process for non-coherent signals. The POLCAT seeker design,
shown in figure 3.4-15, is discussed from this point of view.

Descriptiona are given of the optics, detector, electronic process-
ing system (amplifier and trigger circuit), power supply, and the func-
tional tests that vere performed with these components.

3. 4,4,1 Optics and Detsctor

The design of the optical system wvas determined by the requirements
on angular resolution, spectral inverval, optical "speed" and, particu-
larly, the requirement of withstanding 10,000 g acceleration at lsunch,
The latter requirement had a significant effect on the optical configu-
ration that was selectad. Prior air gun tests indicated that all-
refractive optics, which are usually edge supported, fajiled during test,
All-reflecting optics, which expose the detectors and optical filters,
lead to a difficult mounting problem. The refractive-reflective optical
design, shown in figure 3.4-16, wvas conceived as the mest practical. The
arrangenent permits both the optics and detector to be supported in such

a wvay as to distribute the launching shock uniformly against a large flat

-134-




surface. The design also provides a double "fold" of the optical path which
results in a compact design. The refracting front surface acts as a dome,
offering protection for the detector and optical filters, The results of
air gun tests on the lens described in Section 3.2.2.1 indicated that this
optical design can withstand launch accelerations of 10,000 g.

The required optical resolution is redated to instantanecus field of
view. This field may be found fram the required sigral characteristics which
were discussed in Section 3.4.3 and in turn, shown to be based on the allow-
abls error prcbabilities, viz,, false alarm probability, recognition pro-
bability and hit . obability.

The tangentizl dimension of the elemental fieid is given by:

—

tan~t 2(tanq)(tan35?”f' + a#c')j

The radial dimension of the instantaneous field is 2x degrees where
a is the pitch angle in degrees. For the expected projectile ¢ ight charac-
teristics, the dimensions of the instantaneous field were established us
follows:
tangentisl angle = 1 and 1/2 - 2 degrees
radial angle = 1 degree
For maximum sensitivity the total energy in each signal puise should
fall on the detector. This requires that the resolution of the optics
be better than

tangsntial angle de
grees
n+ (£ 20p, s
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that 13, better than about 1/4 degree.

The focal length of the lens was designed to be as shert as possible,
compatible vith the above criteria. This not only permits a compact design
but also minimizes the area of the sensitive detector. As mentioned in
Section 3.4,.2, this also minimizes the noise potentials developed in the
cell,

The spectral wavelength region of the signal was discussed in Section
3.4,3, The optics were fabricated from a glass which would provide the
characteristics Berived above with radiation from 0.8 to 1.2 microms.

Chromatic aberration was found to limlt the resolution of the lens.

The lens spec’fications are as follows:

Material: Borosilicate Crown (Schott type BK-T
Focal Length: 180 mm

Aperture Ratio: £/1.5

Resolution: 0.15 degree (on axis)

Flange Focel Length: 30 mmn

Spectral Range: 0.8 - 1.2 microns

The mamufacturing specification for the lens is given in the Design
Data Supplement.

The detector was selecied so that its electrical charactaristics
satched the signal and its physical characteristics were compatible with
the required field of view and the environment. The detector specifications

are as follows:
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—_— e —————— e




Material: Lead Sulfide - chemically dsposited
(low sodium glass substrate) Infra-
red Industries type B1SA7

Detgetivitys 3 x 108 cm (cps)l/ 2/watt ?
D" (500, 1500, 1) ;

Time Constant: less than 60 microseconds

Dark Resistance: less than a megolm

Active Areat 0.160 x 0,160 inches

Wave Length of i
Peak Sensitivity: 2.85 micron :

Figure 3.4-17 shows the optic-datector arrangement. To achieve the
required resolution it is necessary that the center of the field of view
be along the optical axis. Therefore the lens and detector combination
were offset from the roll axis by the line of sight =angle.
In order to support the detector and its lead wires during launch
and flight, and to prevent extraneous radistion falling on the detector, i
epoxy potting material was added to the detector cavity. The surface of
the conical cavity was grooved to eliminated internal rsflections and
coeted with an optically black paint.
3.4,4,2 Electronic Processing System
The POLCAT electronic processing sysiem first lineerly amplifies the
detector signal with a "matched filter”. It then provides & logic circuit
which decides if a signal is present in noise. Ia the event of a signal
a pulse of elec’rical energy is delivered to the control cartridge. A
block diagram of the seeker electronic system is shown in figure 3.4-18,

In Section 3.4.3 the signal was shown to be a train of sinusoidally
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modulated radiation. For a train to seconds Jong and a modulation of

amplitude A and frequency W, the signal 1s described by

f(t) = A sinwgt -t /2 £t <t /2

The energy svectrum is

2

. 7 _‘1'
 8in br(jug ~ 1) |, 2in bp(Wivg + 1).
TR g - T T foy + 1T |

-—

Figure 3.4-19 shows the ensrgy spectrum for a & cycle train modu-
Inted at 2000 cps.

Tt was shown in Sectjon 3.4.3 that the filter {mpulse reswnonse should
he h(t) = f(tg - £j. TIn actusl oractice the exact shave of the matched
“{1ter 1s usually of secondary imwortance, the propar syster bandwidth
being the crucial juantity (6). Tre output SNR for a single R" netword
(the low frequancy sgquivelent of & single tuned cir~uit), a gaussien filter
(this corresponds to a large number of synchronously-tuned amplifier stages)
ard an ideal rectangular *{l1ter shwr 1ittla Ai“ference if the bandwidth is
~rhearn nronerly, All of the filters nrovide a vreak SNR within one dt of
that obtainmble in the matched filter case, The optimum bandwidths are
ah~wn {n figura 3,120, Por th» rase o° multistage filters the cvarall
reer~rg~ anrroaches the gaussiar filter., The reak SNR occurs in this
rean for Taty = 0.4, The maximum is quite broad. hovever, varying by nc
more than ore 4b from fcto = 0.2 te oty = Q.7

As shown in Sectior 3.4.2, tre limiting noise is due to electrical
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signals gererated by scanning the variegated terrain background. This
noise power incidance was shown to be about 5 x 10710 vatta/cnz - micron.
For an effective collecting aperture of 80 sq cz and a spectral bsndwidth
of 0.5 micron, the average scanning ncise equivalent power is about
2 x 10'8 vatts. This is an average noise voltage out of the detector of
about ho/,4volts.

At this point, dsteailed descriptions of the amplifier ard, then, the
trigger circuit are given.
3.4.4,3 Amplifier

The amplifier consists of four stages of comron-emitter transistor
circuits, Sufficient dec degenoration is utilized in eschb individual
stage -or dc bias stabilization, while ac degeneration is also iacorpo-
rated to minimize variation of gain of each stage. The loads on the
first two stages consist of tuned circuits tn obtain the required band-
pass'characteristica. A zener diode voltege regulator drops the battery
voltage down to 22 volis dc as required by the amplifier circuitry. An
R-C decoupling network minimizes the effect of the battery or zener diode
source resistance on the frequency stability of the amplifier, The
transistors utilized are of the 28L34 type. These transistors have low
rnoise and medium gain characteristics. Their reliability in exireme
environments had been proven by past performance and rigorous iesting.

The specifications for the POLCAT sampiifier are given below.

Midband voltage gain 81 ét (minimum)

.Midband fraquency 2000 cps

Bandwidth (3 & pts) 1500 cps - 2500 cps

Input impedance 33K t 20 percent

Output impedance 1K + O percent -20 percent
~1%9-
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3pecifications for the POLCAT amplifier (cont'd):

Equivalent noise input voltuge 2.4 x 106 volts
Linear Operating range 0 - 5 volts pk to pk
Operating tempsrature -40 ¢ to0 +100 C
Pulse response Ringing must be less than

2 cycles to a step input
Power supply voltage 40 volts +20 to -50 percent
Power suprply impedance 1K ohm mex

A schematic of the am,lifier is shown in figure 3.4-21
.- The qverall performance of the amplifier can be summarized as con-

forming to the specifications tabulated in this report. The gain of the
unit is adjusted to the required leval by adjusting R 109 (shown in the
schematic) to the proper value. The adjustment is necessary due to the
large gain tolerance (3:1) of the transistors. The circuit will operate
with no appreciasble decrease in gain as the battery supply voltage is de-
creased tc 20 volis. Applying an impulse of up to 1 volt magnitude to
the input of the amplifier will result in a 2000 cps output signal of two-
cycle duration. This is due to the ringing characteristics of the tuned
circuits in the amplifier. This characteristic, howvever undesirable, is
unavoidable if bandwidth requiremsnts are to be met. However, since an
output signal of at least four-cycle duration is necessary for successful
iriggering, a ringing of two-cycle duration does not significantly affect
3ystem performance,

Amplifier components were mounted inside a grooved annmulus made
of linen-base bakelite. Electrical connections were made by & long feed
through posts that interconnect individual components of the system both

electrically and mechanically. The circuitry was encapsulated by a mixture
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of Hysol 6020 and Thyokol LP-3, plus Rysol Hardener C, in proper proportions.
This mixture cures into a transparent hard solid.
3,444 Trigger Circuit
The trigger circuit serves two purpcses. It decides if the signal
is present and then it provides an output signal to initiate the squib Tiring

process, The specifications for the trigger circuit are as follows:

Input impedance 1C kilohms
Output impedance 2 ohms
Integratirg time constant 1 milliseconi
Energy into load 0.05 Joules

In Section 3.4.1, it was shown that the optimum decision procedure
for the incoherent on-off signal train included a rectifier to envelope de-
tect the signel out of the matched filter and a summing circuit to add suc-
cessive pulses. If the summed signal exceeds a threshold, established by
the noise, then the decision is made that there i3 & signal present in the
noise.

This procedure was implemented in the following manner. Referring
to the schematic in figure 3.4-22, the 2N43A transistor is normally fully
conducting and 2N1132 is normally cut off. It is important that the cut-
off current of this stage be very low ( 10 microamps) or else the circuit
will oscillate at a low frequency.* When properly cutoff, the .28 ¢
capacitor will charge to 18 volts. This voltage at the emitter of the
* One of the five secker units oscillated at a low frequency (motorboated)
when received by Frankford Arsenal. Another seeker developed a similar
trouble after air gunning. This was found to be caused by the high cutoff
current of the 2L3A transistor which originally preceded the unijunctiom
device. The amplifier design was modified to specify & 221132 transistor

for this critical circuit. This design was 3juccessfully tested in on of th
prototype POLCAT seekers.
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28490 unijunction transistor vill not discharge that device, consequently
the silicon controlled rectifier is cut.off. If an input signal greater
than 1 volt peak to peak is applied, the positive halves of the sigpal turn
the 284ZA off and the 2N1132 on. This brings the charging voltege at the
collector to +36 volts. Inring eack positive half of the input signal the
0.28 £ capacitor and the 2 kilohm rusistor receive a charging pulse of
+22 volts which charges the capacitor towards 36 volts. The time constant
of the charge circuit is adjusted so that the charge on the capacitor
reaches 24 volts during the fourth cycle of a 2000 cycle per second signal.
As the voltage on the 0,28 £ capacitor reaches 24 volts the 2NUQO fires.
This, then, is the decision that a signal is present.

The 1 volt peak to peak threshold was set from the average backgound
noise level multiplied by the gain of the linear amplifier section. The
Keyman-Pearson deciaion-criterion establishes# the required threshold. If
the noise is non-stationary, there are three possibilities for implementa-
tion -- a compromise threshold established, provision made for adjustment
prior to firing, or inclusion of an automatically adjustable circuit.

When a signal is present, the trigger circuit must provide a suitable
pulse of energy to an electronic detonating device (explosive squib). The
trigger circuit design was based on operation with the T20El detonator
which hss a specified dc resistance of 2 to 10 ohms., Experience has shown
that the nominal dc resistance for the T20El detopatcr is 2.5 ohms., Since
the limits of 2 to 10 ohms are specified, the performance is summarized

below for three values.
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Detonator dc Resistance Limits

10 Ohms 2 Ohams i
Maximum firing Yoltage None None
Minismum firing voltage 50 50
Delivered emergy (ergs) 5000 5000
Time energy delivered (microsecs) 6 3
Digestdon time for detomator
(microsecs) 5-10 5-10

Capacitor vaiue (microfarads) 0.5 0.5
Maximum Safe current flow without

function (microamps) 50 50

Initial Final Initial Final

Resistance change during firing
(ohms ) 10 21.9 2 k.9

An analysis of the elctrical characteristics of the T20El detopator
is given in the Design Data Supplement.

Based on the above specifications, the trigger circuit was designed
to provide about 0.05 joules to the squib in less than one microsecond.
Because of the launch enviromment, an electronic rather than mechanical
switch was required. A pulse transformer was incorporated to isclate the
squib from possidble current leakage paths. When the unijunction transistor
type 28490 fires, the 47 f£d capecitor discharges through the transformer
primary. The secondary of the transformer is mktched to its two ohm loed
and delivers the 0,05 joule pulse in leas than one microseccnd.

The components were mounted inside a grooved circular plate of
linen-base bakelite. This circular plate fitted into the anmilar region
of the ring that contains the batteries. As in the case of the amplifier,

the circuit was potted to withstand shock in excess of 10,000 g. Coanections,
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both electrical and mechanical, were made by utilizing feed-through posts.

3.4.k,5 DPower Supply
The power to operate the amplifier, trigger circuit and bias the
detector, 1s provided by a battery of Mallory mercury cells,
The following potentials are available:
-40 volts unregulated for controlled rectifier uni-
Junction transistor and deto-

nation circuit.

-22 "rolts regulated for linear amplifier and
decision circuit

-78 volts regulated for detector bias
The battery was cornected to its cirenits by conducting links at the back
of the seeker, These links were put in place before firing., The positive
serwinal on *he piate cerved as the cammon return for the sigral nower suvp-
ply and cesing. The connection to the casing is made through a spring
loaded cortact in the rear plate. The terminal btoard wag placed at the back
of the seeker for the convenience of test and preflight checkout.
3.4, 4, Ceeker Functional Tests

Latoratory tests were conducted to demonstrate the functional per-
formanre of the seeker. The test set-up and procedure for the tests are
given in the Legign Tata Supplement.

The seeker field of view was measured by noting the response of the

system as the lens-cell combination looked at a point source of 200C cycle
light. The head was rotated about an axis perpendicular to the plane con-
taining the optic axis and the projectile axis. The point source of light
was also in this plane. FPotation of the head about the perpendicular axis
allowed the image of the spot to traverse the cell, After the image passed
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the cell, the head was rotated 180 degrees about the projectile axis. As

the head was farther rotated about the perpsndicular axis, the spot image

noae

ggain traversed the ceil. Figures 3.4-23 and 3.4-24 show the optical re-
svonse for four seekers. This response remained unchanged after air gunning.

Tests were performed with the cell-amplifier combination and the

results given in the form of frequency response in figure 3,4-25, The low
frequency slope of all of the POLCAT amplifiers was very close to -14% db/octave !
and the high frequency slope approximately -19 db/octave. There was no '
change in this charanteristic after the air gun tests.

Tesis were conducted to esteblish the reliability of the squib

detonating circuit and its behavior with a semiconductor switch, together

wvith a transformer, used as an energy source.

To determine a margin of safety for operationsal use, the supply po-
tential was varied from 20V dc to LOV dc. In addition, the value cf the
storage capacitor was varied from 5..f to 70 uf. The experiment was per-
formed at every value of voltage and capacity five times in order to see
if any variation in results will be indicated with the different units.

Forty squibs were chosen at random without measuring their resistance. This
assured there would be no change in characteristic by passing current
through them. A plot of the voltage across the squib versus time after
application of the pulse is shown for the various settingsof voltage and
capacity in figure 3.4-26,

From the scope patterns it seems that, as the supply voltage decreases,
the firing time increases, and the voltage across the squid decreases. These
results indicate that the trigger circuit in the POLCAT system should functiom
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reliably if the same type squib is useé as the one tested.

3.4.5 ZSeeker Field Tests

A POLCAT seeker was subjected to captive tests in the field. An
illuminator-target-receiver configuration was used which simulate! con-
ditions under which a {iring damonstration could be held. The purpose of
the test was twofold. The received signal to noise ratio was determined
for a variety of system arnd operaticnal parametérs, and the effect of the
non-point suurce reflector on the guidance firing angle was determined,
3,4,5,1 Instrumentation

A POLCAT Seeher Head Mod 1 was modified to permit monitoring the
output of the amplifier and trigger circuit separately. An external pover
supply vas used to permit operation for long periods. Figures 3.4-27 and
2,4-28 show plots of the instantaneous field of view. Figue 3.4-29 shows
the total field of view generated by offsetting and rotating the instan-
taneous field of view,

A spin rig was constructed which permitted spinning the seeker
head about its longitudinal axis at 10 rps or 20 rps. Since guldance
engle measurements vwere made to an accuracy of 1 milliradian, the align-
ment of components and vibration were maintsined to less than 1/4 milli-
radian, Because of the accuracy required of the measurements, much atten-
tion was given to the aligmment procedure. A very sa2nsitive, yet conven-
ient method of simultanecusly aligning the seeker longitudinal axis, btore-
sight telescope and mortar sight in the field was devised,

The target was illuminated by the POLCAT illuminater described in
Section 3.4.3.1. This unit was mounted on a jeep which facilitated changing
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the illuminator-target distance to vary the spot size,
A 7' x 7' lenticular screen target was sei up at the test range. %
his was irradiated by the POLCAT illuminator. The spin rig and seeker 4
head were located suitably near the target so as to simulate the POLCAT pro-
Jectile terminal geametr;. The setup permitted flexible arrangexent of the

various system elements. Measurements were made for the following conditions:

Target-receiver distance T5 feet and 200 feet
Illuminated spot diameter 6 feet and 18 inches
Secker spin rate 10 rps and 20 xrps

This type of target was chosen in order to be certain that sufficient
signal strength would be achieved. A lenticular screen reflects almost
100 percent of the incident energy into an angle of less than a sgteradian.
3,4.5.2 Test Results

In order to establish that the POLCAT seeker head was capsble of
performing its guidance functions, the field tests (22) were executed to
deternmine

a) signal-to-ncise ratio

b) errors in measurement of guidance angle

Measurements were made for various rcombinations of target-receiver
distance, illuminated spot size and seeker spin rate. The seeker signal
channel was monitored at both the output of the linesr amplifier and at the
output terminals (firing signal).

The signal-to-noise ratic wvas determined by first measuring the
seeker response to the energy reflected from the target without presence of

background noise and then determining the amplitude of the noise voltage
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without the target signal.

The pure target signal was meesured by locating the maximum output
fram the non-spinning seeker,

The pure noise signal wes measured by locating the maximm output
from the spinning seeker with the illuminator turned off.

The trigger level was set so that no firing signal was generated
as the field was scanned.

The angle at which the spinning seeker should be offset to locate
a8 modulated point source waas determined in the laboratory and given in
Tigure 3.4-29. Any deviation from this angle due to noise or illuminated
spet size is the guidance angle error.

With the target illuminated and the trigger level properly set so
that no false alarms would be generated by the background, the seeker was
offset from the target in variocus directions and slowly scanned towards
the target. As soon as a firing signal was generated; the offset angle
vas recorded. The difference between this offset angle and the one measured
in the laboratory is the guidance angle error. The complete test plan is
given in the Design Data Suppl:amernt.

When comparing the resulis of the variocus measurements, attention must
be given to the climatologicel conditions under which the runs vere made.
The following tabulation gives the weather data 2t the test site for the

period during which the runs were made,
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Relative Pressure

Target-Receiver Illuminated Time Temp Humidity mm of
Distance irn Pest Spot Size Date in Hours F  Percentage Hg
75 6 feet 6/18/62 1600-1730 89 50 29.78
75 18 inches §/19/62 1420-1600 90 53 29.60
200 6 feet 6/20/62 1100-1300 {8 82 29.66
200 18 inches  6/20/62 1500-1600 76 T2 29.65

The photographs in figure 3.4-30 show signals obtained during a typi-

cal measurement.

The signals were recorded a&s peak-to-peak valuen, To

obtain the S _ /N, the sinusoidal signal voltages vere divided by 2.8

and the random noise voltages were divided by 4.5,

ratios obtained in test are given below.

The signal-tc-noise

S rma/Nrms

Test
Target-Receiver Iiluminated
Distance Spot Size
T5 feet 6 feet
75 feet 18 inches
200 feet 6 feet
200 feet 18 inches

Spin Rate Spin Rate

10 rps 20 rps
6.68 L.75
27.5 23.8
2,68 2,68
k.0 4.0

The target signail falls off as expected as the target-receiver distance

increases. An inverse square atteruation predicts a relation between the

signals at 200 £t and 75 ft of about 1/7. This relation holds quite well

for the small spot size but not for the six foot diameter illuminated area,

This may e due to the reflectivity pattern of the lenticuiar screen or

stmospheric effects since the tests 6-75 and 6-200 were performed on
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different days.

Figure 3.4-3)1 shows a photograph of the output signal of the ampli-
Tier as the line of sight scans past the target causing the trigger circuit

to function.

The curves in figures 3,4-32 show the line of sight angles at which

the firing signal occurred as compared with the preset offset angle.
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Pigure 3.4-k Spectrum of Noise Current in Semiconductors

carrent
noise
dominant
V4
&-r noise
: d.?imnt
thermal noise
d}.imt
log (frequency)
-1%2-




Pigure 3.4-5 Empirical Frequency Spectrum of Light Intensity
Fluctuation for Different Wind Velocities

path length: 2000 meters
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Scene %
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24 25°C QA m 53 %

Scene 3
8/17/860 1135-1%00
22 75°C RH 3%,

Cleor-Bright Sun-*qi Thn:n Ciocouas

No Clouds -~ Haze

Scene 8 Scenre 1O

6/26/60 20-180C

8/2%/60 i050-1230
23°C /1 62 %

20.5°C RH 70 %
Clear B- grt~Saun

Beright Sun-High Thin Ciouvds

Figure 3,4-7. Typical Background Terrain
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Figure 3.4-8 Terrain Background Speciral Density Fu
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Figure 5.8%-11 FPrecipitable Water Vapor per foot of
Path Length as a Function of Temperature and Relative Fumidity
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Figure 3.4-26. Squib Voltage vs, Time After Signal Pulse
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Pigure 3.4-20 Scezmer Field of View
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a) calibrate signal - 1 inch = 0.1 volts b)Maximumn Target Signal - no back-

ground noise (0,05 volts pk to pk)

r

c)System Internal Noise {0. 02 volts pk to pk)

d)Maximum Background Noise Signal
(0. 03 volts pk to pk)

Oscilloscope Photos for Signa! to Noise Measurement
Test 6-200, 20

target - receiver distance - 200 ft,
illuminator spot dia. -~ 6 ft.

spin rate 20 rps

Figure 3,430, Typical Output Signals
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Direcotion of Soan

Osolllogram of Output of Seeker Signal Amplifier as the line of
sight socans past the target

target receiver distance 75 ftj illuminator spot size
6 fty spin rate 10 rps

1ine of sight angle + 80 mils; (trigger signal ocoupled
through the power supply)

Figure 3.4-31. Amplifier Output Signal as LOS Scans Target
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4.0 CONCLUSTONS AND RECOMMENDATIONS

A review of this summary report reveals the general level of tech-
nology that has been established in each of the critical areas of
POLCAT development.

Projectile aerodynamic and structural design has been limited to

the problem of converting existing projectiles to the requirements of
experimental testing of guidance and control hardware. XNo serious
effort has been made 4o examins the requirements or the characteristics
of an optimum POLCAT airframe suited to tactical requirements.

Resnlts of wind tunnel tests of the test projectile indicate ex-
tremrely high 4rag due to blunineas of the nose.

The results of the effort to develcpe impulse for airframe contro¥
heave bern more substantial., As a result of the design studies and tests
that were completed, pulser units cepable of delivering 25 lo-sec impulse
can be developed in the future. This achievement, however, should be
evaluated in light of the impulse required for a tactical system.

The supporting research effort to date has placed great emphasis on
the establishment of an understanding ¢f the phencmens associated with
seni-active homing as well as developving guidance hardware. There have
teen sirnificent achievements in this area.

Communication theory techniques to the signal generaticn and process

at the receiver has been applied considering atmospheric effects. For
typical optical and scan parameters of the POLCAT seeker, guidance per-
formance was shown to be limited by noise due to scanning the background.

Based on field measurements nmade with the POLCAT seeker and an
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illurinator with a Xenon lamp, the guidance performance against a
tank type target is marginal.

The most significant achievement of the program was ths success-
ful air gun testing of the POLCAT seeker. These results indicate

that the seeker optical-detector design is capabie of sustaining the ;

ool s

high accelerations of gun launch.

Based oun the results of the supporting research program presented

herein, the following recommendations for future work are suggesied:

(1) Implementation of the POLCAT concept should be
based on the use of a laser illuminator.

R T ey

(2) The goal of future pulser development should be
the development of units capable of delivering
L5 to 55 1lb-sec impulse.

(%) Since the seeker design is capable of sustain-
ing the high accelerations of launch but induces
extremely high orojectile drag, consideration
should be given to obtsining a more suitable
decign by retaining the basic optical-detector
arrangement and reducing aperture to decrease

érag.

PP

() A system analysis should be conducted to estaeb-
lish optimum reletionships between the various
aerodynamic, control, and homing link parameters
of a POICAT system. (Previous analyses of system
performance were based on point mass trajectories
and did not include the effects of guidance per-
formance. )

Although not directly associated with the supporting research pro-
gram described herein, an evaluvaticn of the POICAT concept was made
during this period. The evaluation given in "A Study of HAW - Long
Range Time Period) BRL MR 1365 by David C. Eardison, considered the
application of POLCAT to the requirements of an infantry heavy assault

weapon. The results indicated that a POLCAT system was not capeble of
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fulfilling the specified requirements because (a) overall system
weight was too high, (b) time to fire the first round was too long,

and (¢) the available illuminators did not pruvide sufficient power.
The evaluation did indicate the improvement in performance that could
te expected from the development of laser illuminators. Further, the
vroblem of time to fire could be eiiminated by utilizing a laser range-
finder. Howvever, it 18 not expected that the weight of a POLCAT
system will be substantially rednced in the near future since the major
weight penalty lies with the gun tube. Cince gun launching is an essen-
tinrl feature of the POILLCAT concept, an evaluation of its ultimate worth
must consider the trade-off between between system weight ard system
cost. Strirgent requirements on system weight can be fulfilled by
missile systems but with substantial penalties in cost, complexity,

and reliability. The POLCAT concept offers the possibility of provid-

ing deszired weapon performarce (not low weight) Tor relatively low cost.
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